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FOREWORD 


This Omega Navigation System Course Book was prepared by TASC for the 
United States Coast Guard Navigation Center (USCG NAVCEN), Alexandria, VA 
under Contract DTCG23-89-C-20008, Task Orders 90-0002, 91-0002, and 92-0004. 
The course material was prepared over the period 1990-1994 in collaboration with 
Omega System specialists from NAVCEN. In the month that the final version of the 
Omega Course Book was published (July 1994), the name NAVCEN replaced the 
older name, ONSCEN (Omega Navigation System Center), which appears through- 
out the text of this book. Readers unfamiliar with the recent history of the Coast 
Guard administration of navigation programs should be aware of this name change 
when perusing the course material. 


The principal authors of this Omega Course Book are from TASC: Peter B. 
Morris, who wrote Chapters 2, 3,7, 8, 9, 11, and 12; Radha R. Gupta, who prepared 
Chapters5 and 10; Ronald S. Warren, author of Chapters 1 and 4; and 
Paul M. Creamer, who wrote Chapter 13. These authors are also the primary contrib- 
utors to Appendices A through G which follow the 13 chapters. Special recognition is 
given to long-time Omega researcher Eric R. Swanson who authored Chapter 6. Rec- 
ognition is also extended to Joseph A. D’ Appolito of TASC who wrote the appendix 
on Kalman filtering and David P. Frank, also of TASC, who contributed to Chapters 7 
and 8. The text editing, graphics support, and formatting of the book were scrupu- 
lously overseen by Frances C. Sansalone of TASC. Finally, the authors wish to recog- 
nize the invaluable assistance and support of Vinicio Vannicola and other members of 
the NAVCEN staff who helped to make this book a reality. 


PREFACE 


The purpose ot this book is to provide a self-contained presentation of theoretical and operational 
information needed to understand the characteristics, operation, and use of the Omega Navigation 
System. It is designed to be used as a self-paced learning aid or in a classroom environment by those 
--primarily involved with operating and maintaining the Omega system. Therefore, it is structured and 
written in the format of a course book, rather than a reference book. It is assumed that the reader has a 
physics and mathematics background at the level of an associate of science degree, or higher. 


The book includes 13 chapters with selected chapter-specific appendices and seven general 
appendices. Chapter-specific appendices are directed at the more advanced readers and contain addi- 
tional technical details that are relevant to the specific chapter. The general appendices include supple- 
mentary material that expands upon selected topics addressed in the book and is intended to further 
enhance the understanding of the Omega system. The course material addresses all major components 
of the Omega system, with emphasis placed on signal structure and utilization. Topics include: Omega 
system development background, signal generation, navigation and signal propagation principles, 
system operations, system performance evaluation, system utilization, and the future role of Omega in 
conjunction with other radionavigation systems. An overview begins each chapter and appendix, 
followed by introductory material and the technical discussion. Abbreviations and acronyms are 
defined at the end of each chapter and appendix. Sample problems with solutions and problems to be 
solved by the reader appear throughout (answers are provided in a section following Appendix G). 


Chapter 1 presents a general description of the Omega system, including the system signal 
characteristics, system . -ties and limitations, and system users. Chapter 2 traces the history of the 
Omega system from its World War II origins to the present, including the development of Omega 
transmitting stations and receiving systems, user support, and system management. An overview of the 
station capabilities, equipment, and operational procedures is provided in Chapter 3, and Chapter 4 
presents a general overview of the fundamentals of position determination, which are applicable to ali 
radionavigation systerns, including Omega. A discussion of the hyperbolic and rho-rho techniques, 
Omega lanes and their resolution, and position determination using Omega phase measurements are also 


provided. Chapter 5 describes the very low frequency signal propagation characteristics and concepts 
relevant to understanding Omega signal propagation characteristics. This includes a discussion of how 
the Omega signal characteristics vary as a function of the signal path properties and modal interference 
phenomena. Observed Omega signal behavior is addressed in Chapter 6. The sources, mechanisms, 


and characteristic signatures (magnitude/duration/shape) of the normal and anomalous signal behavior 








are described as well as their impact on Omega navigation. This chapter also contains general guidance 
for identifying Omega signal behavior under normal and anomalous propagation conditions. Chapter 7 
discusses the synchronization of the Omegua system, including internal/external synchronization measure- 
ments and sources, procedures, and performance. ONSCEN’s data collection, analysis, and processing 
procedures are presented in Chapter 8 together with a summary of the Omega Regional Validation 
Program whose objective was to confirm or modify predicted Omega system performance throughout the 
oceanic regions of the world. Chapter 9 explains the need, development, and utilization of Omega 
propagation corrections (PPCs). The chapter focuses principally on the structure and calibration of the 
models and algorithms used to generate the PPCs. Omega Navigation System signal coverage products 
that have been developed from the early period of the Omega system to the early 1990s are identified in 
Chapter 10. This includes a discussion of the early version of the microprocessor-based coverage 
prediction system, called Omega ACCESS. The overall assessment, evaluation, and quantification of 
Omega system performance (availability) is addressed in Chapter 11. The chapter also discusses the 
early version of the Omega system performance assessment and coverage evaluation computer 
workstation, called PACE, which implements the system performance assessment algorithm. Chap- 
ter 12 describes various uses of the Omega system signals and typical Omega signal processing tech- 
niques employed in modern receivers, along with the effects of noise on the receiving system. Chap- 
ter 13 describes other global radionavigation systems and signals that are frequently used by 
multi-sensor (integrated) Omega receivers. Issues regarding the future of Omega in the context of 


existing and planned global radionavigation systems are aiso addressed. 


The seven appendices provide additional details on material contained in the 13 chapters. Appen- 
dix A describes the models and algorithms available for predicting VLF signals, including those that have 
been used to generate the Omega signal coverage/ performance prediction products discussed in Chapter 
10. Appendix B presents additional details on the Omega system availability index computational 
algorithm (described in Chapter 11), a version of which is used in the Omega system performance 
prediction computer workstation PACE. A detailed discussion of capabilities, features, and uses of PACE 
is given in Appendix C. Details of Kalman filter techniques (some of which have been applied in the 
Omega system synchronization procedure) are given in Appendix D. Omega synchronization uses GPS 
(Global Positioning System) signals to obtain accurate timing information to synchronize the Omega 
system Stations. An overview of the GPS is given in Appendix E, and a discussion of typical GPS user 
equipment is given in Appendix F. Appendix G provides the transmitting station parameters, including 


system operational specifications, annual maintenance schedule, and transmitting antenna parameters. 


Vii 
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CHAPTER 1 
INTRODUCTION 


Chapter Overview — This chapter presents a brief introduction and overview ef the 
Omega Navigation System with an end-to-end, top-level view of the entire system. This 
~ overview provides a basis for understanding how the detailed information presented in the 
individual chapters in this book fits into the overall context of the system. A summary-level 
Omega tutorial is provided with references to the specific chapters where the details on the 
subject are contained. Section ].] presents an initial introduction to Omega in terms of the 
three major system elements. The transmitting system is introduced in Section 1.2, 
fundamental characteristics of Omega signal propagation are provided in Section 1,3 and 
Section 1.4 addresses the use of Omega signals hy the end user. Problems, including both 
worled-out examples and those to be solved by the reader, are given in Section 1.5. 


11 WHAT IS OMEGA? 

Omega is a worldwide, internationally operated, ground-based radio navigation system, operat- 
ing in the very low frequency (VLF) band between 10 and 14 kilohertz (kHz). Its purpose is to provide a 
continuous, medium accuracy aid to navigation intended primarily for air and marine en route oceanic 
navigation and domestic en route air navigation. The nominal fix accuracy of Omega is two to four nau- 
tical miles (nm), While not originally intended for land navigation or non-navigation purposes, Omega 
is being used in a number of terrestrial navigation/location and time/frequency dissemination applica- 
tions, The Omega system consists of eight widely separated transmitting stations that emit continuous- 
wave VLF signals. An Omega receiver determines position from range measurements based on the 
phase of the received signals from two or more Omega stations, or by phase comparisons between sig- 
nals of selected pairs of Omega stations, which produce intersecting lines of position. 


Omega grew out of research in long-range electronic navigation systems, which took place dur- 
ing and after World War Il. Operational Omega stations began broadcasting navigation signals in the 
early to mid-1970s, and the system reached its final eight-station configuration in 1982. Omega, the last 
letter of the Greek alphabet, was chosen as the name of the system because in the early system develop- 
ment inthe 1950s, it was thought that 10 kHz was the lower end (longest wavelength) of the usable radio 
spectrum, The Omega System history is provided in Chapter 2. 


The Omega System consists of three major elements: 


¢ Transmitting System 
¢ = Signals in the Earth-Ionosphere Medium 
¢ = Receivers and Navigation Computers. 
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Although each of these major system elements is a separate entity, overall system performance and the abil- 
ity to navigate satisfactorily with Omega depends on the performance of each element. This book address- 
es each system element and its important characteristics in detail. A complete understanding of the Omega 
System requires an understanding of the characteristics of all three system elements and their impact on 
navigation performance as viewed by the end user. This chapter provides a brief introductory overview of 
these sy«tem clemenis, referencing the chapters in this book that provide the appropriate details. 


1.22 TRANSMITTING SYSTEM 


The Transmitting System consists of the eight transmitting stations and the procedures required 
to maintain and synchronize these stations. The eight Omega stations are identified by a letter from A 
through H and are presented in Chapter 2. Omega is operated as an international partnership between the 
United States and Argentina, Australia, France, Japan, Liberia, and Norway. Each station is staffed and 
operated by agencies of the nation in which it is located. The Japanese Maritime Safety Agency is 
responsible for synchronization of the transmitted signals of all stations. The U.S. Coast Guard Omega 
Navigation System Center (ONSCEN) has operational control of the system and is responsible for engi- 
neering and logistics support of the station equipment. Overall coordination of operations and policy is 
governed by the International Omega Technical Commission, which is composed of one member from 
each of the partner nations that operate the Omega Stations. 


The synchronization procedure integrates the otherwise autonomous stations into a system and 
makes it possible to use the signals to compute a position fix anywhere in the -vorld where usable signals 
are available. All operational radionavigation systems (e.g., Omega, Navstar GPS, Loran-C) control the 
transmissions from each station so as to be synchronous. In simple terms, the ideal system would derive 
the signals foreach transmitter from a single common frequency source. This would guarantee that each 
station would transmit its signal at exactly the same time with exactly the same phase. Because the 
physical separation of the Omega transmitter sites is thousands of miles around the world, it is neither 
practical nor realistic to use a single frequency source for all eight stations. 


Each station actually derives its transmitted frequencies from cesium oscillators (a primary and 


back-up unit at each station). Cesium oscillators (commonly referred to as a clock or frequency stan- 
dard) generate a frequency that is highly stable over long periods of time (better than 1 partin 10!" ora 
drift of 2.6 usec/month). The synchronization procedure corrects (on a weekly basis) any small shifts in 
the transmitted signal phase at each station so that from the user’s viewpoint all eight transmitters appear 








to be operating from a single frequency source. Between the periodic synchronization corrections, the 
station clocks are stable enough to hold the phase of the transmitted signals within the allowable toler- 
ance of t2 microseconds relative to the mean epoch of the eight stations. The mean epoch of the system 
is synchronized to within +1 microsecond of Coordinated Universal Time (UTC). Omega synchroniza- 
tion is addressed in detail in Chapter 7. 


- Primary components of the transmitting station include the timing equipment, VLF transmitter 
and the antenna system. As is discussed and illustrated in Chapte : 2, three types of antennas are used 
today: valley-span, grounded tower, and an insulated tower. Only Hawaii and Norway use the valley 
span antenna. Three stations use the grounded tower antenna and three use the insulted tower antenna. 
All stations radiate a nominal power of about 10 kW. Because of differences in the antenna system effi- 
ciency at each site, the input power supplied by the transmitter ranges from 90 kW to 165 kW. The differ- 
ence between the input power and the radiated power is dissipated in heat, primarily in the antenna 
ground plane. 


All stations transmit four common frequencies: 10.2 kHz, 11,05 kHz, 11!/3 kHz, and 13.6 kHz, 
In addition to these common frequencies, each station also transmits a unique frequency that can be used 
by a receiver to unambiguously identify the station. All frequencies are synthesized from the Cesium 
standard and controlled by the timing equipment. Transmissions are sequenced in a specified format 
(shown in Chapter 2) so that no two stations transmit the same frequency at the same time. This is to 
prevent confusing the receiver with simultaneous transmissions at the same frequency from multiple 
stations since there is no way to separate the received continuous wave signals for processing. A contin- 
uous wave is transmitted by each station at one of its five frequencies during each transmission segment 
for 0.9 to 1.2 sec with a 0.2 sec silent interval between segments. This complete format repeats every 10 
sec. The sequence of frequencies transmitted by each station in each of the eight time segments is unique 
and provides the receiver with additional information for unique identification of the received signal. 
Additional details on the transmitting system are provided in Chapters 2 and 3. 


1.3 SIGNALS IN THE EARTH-IONOSPHERE MEDIUM 


The signal is “launched” by the antenna system into the atmosphere between the earth and the 
lower ionosphere, where it propagates in all directions for several thousand miles or, under some condi- 
tions, completely around the world. The ionosphere is a spherical layer of electrically charged particles 
(concentric with the earth), which bend and reflect the signals thus confining the signals to propagate 
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below the ionosphere, rather than traveling straight out into space, This region in which the signals prop- 
agate is referred to as the earth-ionosphere waveguide. The waveguide is illustrated and discussed in 
Chapter 5, 


Ideally, Omega signals would travel with uniform intensity and phase in all directions through 
the waveguide. Unfortunately, VLF signals are influenced by various physical and electrical factors: the 
height of the waveguide, which varies regularly each day and over the year; ground conductivity, which 
varies by several orders of magnitude between seawater and ice; orientation of the signal path relative to 
the earth’s magnetic field, which influences the propagation properties, and the physical laws and char- 
acteristics of radio waves. Because of these factors, the phase of Omega signals is not a simple, uniform- 
ly increasing function of distance from the transrnitter as would be experienced in free space, Therefore, 
the user must apply propagation corrections to the phase measurements to obtain accurate position fixes 
with Omega (these are automatically applicd by modern receiving equipment). Propagation corrections 
are referred to as PPCs and correct the measurements at the user location so that the corrected phise is 
close to what would be observed in free space, The perturbing influence of the earth on the signal is 
effectively removed; this greatly simplifies the position fix calculations since asimple phane va, distance 
model applies under all conditions, The propagation predictions, of course, are not perfect and cannot 
correct for all of the disturbing influences of the real world. This is the primary reason why the adver- 
tised accuracy of Omega is 2 to 4 nm and not something much smaller, Development of the PPC» is 
presented in Chapter 9 and their use in the position fixing process is addressed in Chapter 4, 


Detailed treatment of signal propagation theory for Omega is presented in Chapter 3 und 
observed signal characteristics are presented in Chapter 6, however, it is useful to Introduce here some of 
the more physically intuitive concepts related to Omega signal propagation since the theory gets rather 
involved. A major influence on the signal propagation within the waveguide is the height of the wave: 
guide, which is not constant, The waveguide in daylight has a height of about 70 km whereas Its helght in 
darkness ix about 90 kim, due to the absence of solar radiation. ‘The phase of usable signals is the most 
predictable when the entire waveguide is in daylight or darkness, Le, when the reflective boundary of 
the ionosphere is approximately constant along the path, The phase is less predictable on paths having 
both daylight and dark portions, For these paths, the corresponding PPC» are lens accurate and the result 
ing fix accuracy of Omega tends to be somewhat worse, 


Signal propagation beconies iiore Conplea Which a path lachides both diy aiid Hight pobasis. 


When the sunrise/sunset line, or terminator, crosses the signal propagation path, the path ds sald tobe in 
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its daytime minimum. In some cases this transition is rather abrupt relative to the signal wavelength and 
can introduce abrupt changes in the signal phase characteristic relative tothe uniform predictable change 
in phase with distance from the transinitters, This means that if a user is stationary and observing the 
phase of a received signal, there could be a rapid change in the observed nignal phase even though the 
receiver isnot moving, Thus, ifthe user is moving, it may be difficult to differentiate between the change 
in phase due to vehicle motion and phase error induced by transition, This rapid change in phase can lead 
to acondition referred to as cycle jump or lane slip, which is addressed in detail in Chapter 6. The transi- 
most apparent when the terminator crosses the propagation path very rapidly at a very shallow angle. In 
fact, for crossing angles of less than $ deg (tis generally recommended that the station be deselected and 
not included in the position fix calculation, 


Knowledge of the signal phase velocity Is necessary so the receiving equipment can make the 
transformation between measured phase and distance to the transmitter, At any of the transmitted fre- 
quencies, an Omega signal may propagate in several different modes, however, for most signal paths 
heyoud about 1000 km from the transmitter, Mode | tends to be dominant. This fs the fundamental mode 
of the Omega signal and the Mode 1 phase velocity is always used in the PPC algorithm that corrects the 
nighal phase prior to the position fix calculation, This means that If the signal is not dominated by 
Mode 1, asignificant error can be Introduced into the fix calculations, Under this condition the signal is 
referred to as being modal and ty not usable, 


A figure of merit used to characterize the degree to which a signal is modal is the Mode 1 Domi- 
nuance Margin (MIM), which isa measure of Mode | strength relative to the total signal strength, For 
loss soplisticnied receivers, i MIDM of 6 db is denied if the algnil la to be consldered unite, More 
nvphinticnted receivers can performs sadsfactorily with aM TDM as emallas 1 dB, Peis dificult and usu. 
ally impossible to detect a modal signal in an operational environment, Therefore, modal interference Is 
generally predicted and slgouls that may be modal are derclected by the receiver or the operator. Modal 
interference exhibits the following characteristicn; I is present at ranges lens than 1000 km from the 
tronics; tds moet prevalent at night in areas nonhweet and southweat of the (anarmitter, iis particu: 
larly severe when a northwest/outhweat path crosses the geomagnetic equator, and Ht always occurs at 


Under conditions when the Omegn slunal travels ground the world and can be recelved from the 
opposite direction, there by the possibility of long-path" propagation, Wthe long: path slgaal sength bs 
atronger than the short path strength (which ds posible), the receiver will interpret the vehicle ay moving 
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in the opposite direction, Long-path propagation is most likely to occur when the direct path is in all 
daylight and the long-path signal propagates west to east in darkness, particularly if the ground conduc- 
tivity is higher on the long-path. The associated figure of merit for quantifying the severity of long-path 
propagation is the short- to long-path ratio and the recommended value is consistent with the M1DM: 
6 dB for less sophisticated receivers and 1 dB for more sophisticated receivers, 


The signal attenuation rate (the rate at which the signal strength decreases with distance along the 
path) is greater for sunlit paths than for night paths, The attenuation rate also increases as path ground 
conductivity decreases. Seawater paths have the highest conduciivity and cause the least attenuation 
while paths transitioning fresh-water ice in regions such as Greenland and Antarctica exhibit the greatest 
attenuation rate, The earth's magnetic field has a pronounced effect on the attenuation rate. Signals 


experienced by signals propagating in the westerly direction, 


Signal strength alone does not limit the utility of Omega, Itis the level of the signal relative to the 
noise in the receiver bandwidth, generally assumed to be 100 Hz, that limits signal usability. Lightning 
discharges associated with thunderstorm activity around the world are the primary source of noise in the 
VLF band, The electrical discharges generate electromagnetic energy !n the VLF band, which propa- 
gates like the Omega siynal, At any moment hundreds of discharges occur randomly around the world; 
the receiver perceives this energy as noise relative to the desired Omega signal. The ratio of the signal 
level to the noise level in the receiver bandwidth, expressed in dB and referred to as the SNR, is the figure 
of necrit used to determine whether or not a receiver can detect and satisfactorily process the Omega sig- 
nal, ‘These and other signal usability factors are addressed in Chapters 10 and 11. 


Older receivers and many aircraft receiving systems require an SNR that is higher than about 
~20 dB (100 Hz) whereas modern receiving equipment, especially for marine applications, can provide 
usable phase measurements with an SNR as low as -30 dB (100 Hz). An SNR below these signal-access 
thresholds produces nvise-induced errors in the phase measurements that render the station signal unus- 
able for computing a position fix. Itis important to note that the noise level, like the Omega signal level, 
js acomplex function of time of day, location on the earth and the time of year. Although atmospheric 
noise is the dominant noise source, there are also sources of man-made noise that can further reduce the 
received SNR. Of particular importance in airborne applications is the placement of the Omega antenna 
on the ircraft and noise generated by other electrical equipment such as motors and generators. Refer to 


Chapter 12 for additional details on this subject. 








1.4 RECEIVERS AND NAVIGATION EQUIPMENT 


The typical user equipment suite consists of an antenna, receiver, and a navigation computer. 
The antenna system includes a loop (H-field) antenna, or a whip/blade (E-field) antenna and generally an 
antenna signal preamplifier. The antenna preamp feeds an analog input stage in most receivers. The 
output is sampled, or digitized, and the remainder of the receiver processing is digital. Older receiving 
equipment performed all of the processing with analog circuits that could not achieve the processing 
gain associated with modern digital processing techniques. This is why the SNR threshold for older re- 
ceivers is typically assumed to be —20 dB, and -30 dB for modern equipment. - 


The receiver processing detects and tracks the received signals from each station and measures 
the phase of the signals relative to a local reference or oscillator. The number of frequencies simulta- 
neously tracked depends on the particular receiver implementation. Also, as part of the processing, the 
receiver must identify the station that transmitted each of the frequencies in each transmission segment. 
The received signal is of no use if it cannot be associated with its transmission source because the goal is 
to obtain a measure of the range between the receiver and each transmitting station. Since the location 
(latitude and longitude) of the stations is accurately known, some form of multilateration with the indi- 
cated ranges is used in the navigation computer to determine the latitude and longitude of the receiver, or 
more precisely, the receiving antenna. Although this is a rather simplistic view, it serves to introduce the 
fundamental elements of the signal processing and position fixing/navigation process. A detailed pre- 
sentation of navigation and position fixing with Omega is contained in Chapter 4. 


At 10.2 kHz, the primary Omega navigation frequency, the signal wavelength is about 16 nm. In 
terms of range from a station, each wavelength, or cycle, is called a lane within which the signal phase 
varies from 0 to 360 deg. The receiver can only measure the phase of the Omega signal within a known 
lane; the range to the transmitter is equal to the number of whole lanes plus the fractional part of the lane 
indicated by the phase measurement. Therefore, as the platform moves, the receiver must “know” or keep 
track of the number of whole lanes. The lane count can be determined in various ways. One way is to 
compute the lane number at a location that is known with an accuracy of plus or minus half a lane and then 
increment (or decrement) the lane count as the receiver moves from one lane to the next. Obviously, use of 
the incorrect lane count (due to a lane slip) will introduce a significant error into the computed position. 


A position fix can be determined by using two or more measurements of the range to the known 
locations of the transmitting stations. Conceptually, with two range measurements, a user’s position can 
be located on achart by determining the intersection of two circles with radii equal to the range measure- 
ments and centered on their respective transmitting station. This is called the direct ranging, or rho-rho, 
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mode of position fixing and the circles are referred to as lines of position (LOPs). Two circles will actu- 
ally intersect at two points: the true fix point and an anomalous fix point. These two points are generally 
widely separated positions and it is usually straightforward to resolve the ambiguity. Ifa third range 
measurement is available, the rho-rho-rho mode is used, the equivalent of drawing a third circle to pro- 
vide an unambiguous intersection of all three circles at the fix point. Multiranging with three or more 
Stations is the preferred mode since the receiver does not require a precise reference oscillator (e.g., 
Cesium clock) that is needed to implement the rho-rho mode. Alternatively, the hyperbolic (range- 
difference) mode can be used if three stations are available, . 


In the hyperbolic mode of navigation, the receiver measures the difference in the signal phase 
between pairs of transmitters. The resulting LOPs are families of hyperbolas and the fix is established as 
the intersection of hyperbolas. Before the availability of efficient on-board digital computers, Omega 
navigation used precomputed hyperbolic LOPs plotted on paper charts. The receiver displayed the 
phase difference which was then plotted by the navigator on the chart to determine the position of the 
craft. Today, the fix determination process is fully automated and most navigation equipment uses all 
available signals to provide a best determination of craft position. These signals may even come from 
systems other than Omega, such as the Navy VLF Communications System or the Russian Alpha Sys- 
tem, which is similar to Omega. 


Most modern airborne Omega navigation equipment routinely uses the VLF communications 
signals to supplement Omega, particularly in regions where there is insufficient Omega signal coverage. 
Another mode of operation is differential Omega where a fixed monitor site is established at a known 
fixed location to determine the “error” in the received Omega signals. These errors are communicated to 
users in the vicinity of the monitor where they are used to correct the measurements made by the user’s 
receiver with a resulting positioning accuracy of 0.3 to 1 nm. Omega is also used in integrated systems 
with inertial navigation and satellite navigation systems. Weather balloons use a very low cost Omega 
receiver that retransmits the Omega signals on another frequency to the ground-based receiving site to 
determine wind velocity profiles. Submarines use Omega because a hyperbolic position fix can be 
obtained while the submarine and the antenna are submerged. Although Omega has been the only opera- 
tional radionavigation providing continuous global coverage for the past 20 years, the Navstar GPS sys- 
tem (Appendix E and Appendix F) is nearing operational status and according to the Federal 
Radionavigation Plan will replace Omega. Additional details on these and other position fixing modes 
are provided in Chapter 4 and Chapter 13. 
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15 PROBLEMS 
1.5.1 Sample Problems 


1. Eachofthe eight Omega stations derive the transmitted signal from acesium beam frequen- 
cy standard which acts as a precise clock. Before the advent of GPS, the stations were syn- 
_ chronized by adjusting the clock outputs based on reciprocal path measurements in which 
monitors at each station concurrently measure the phase at each end of the station baselines. 
From a qualitative viewpoint, why do you think these kinds of measurements would isolate 

the synchronization differences between the stations? 


Answer: 


In principle, a single-path phase measurement of one station’s phase by the monitor at 
another station would, when corrected by the phase propagation delay over the 
interstation path, indicate synchronization offsets between the stations. However, in 
addition to propagation delay (based on some fixed phase velocity), Omega signals must 
be corrected by PPCs (propagation corrections; see Chapter 9). Although greatly 
refined, the PPCs have bias errors on the order of 7 to 10 microseconds, which, even if 
removed, leave random errors of about 4 to 6 microseconds, i.e., too much error to detect 
synchronization offsets less than or equal to 2 microseconds. It is shown in Chapter 7 that 

& differences in reciprocal measurements tend to remove the PPC error but reinforce the 
synchronization error (offset). 


2. Why do you suppose the silent interval (or guard time) between the signal transmissions in 
the Omega signal format was chosen to be 0.2 sec? 


Answer: 


The interval is designed for the worst possible case of interference in which a receiver 
located a few kilometers to the west of a station receives the “long-path” signal from that 
station, ie., the signal propagating over the longer of the two arcs of the great circle 
connecting receiver and transmitter. In that case, the trailing edge of a transmission 
would reach the receiver after a time approximately given 2mR,/c, where Rg is the 
average earth radius (6367 km) and c is the free-space speed of light (about of x 10° 
km/sec), i.e., about 0.13 second. With a guard time of 0.2 sec, such a receiver would not 
see a pulse overlap, with a remaining 0.07 second before the onset of the next signal 
transmission. 


1.5.2 Problems to be Solved by Reader 


1, Give one or more reasons why a Station signal might not be useful at the station’s antipode. 


2. Consider two 10.2 kHz signals dominated by the short-path Mode | component. 


If Signal 1 propagates at night to the east over seawater and Signal 2 propagates during the day to 
& the west over frozen tundra, which signal attenuates more rapidly as a function of distance? 
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3. Suppose the following set of criveria defines the signal usability: 
SNR (Signal-to-noise ratio) > —-20 dB (100 Hz bandwidth) 
S/L (Short-to-long path amplitude ratio) > 6 dB 
M1DM (Mode | dominance margin) > 6 dB 
If the short-path signal level is 25 dB (relative to 1pV/M), the long-path signal level is 19 dB 


(relative to ip.V/m), the noise (100 Hz bandwidth) is 40 dB (relative to 1pV/m), and the M1DM 
is 8 dB, is the signal considered usable? 


4. Why is the conductivity of seawater higher than the conductivity of fresh-water ice? 


5. Given that the lane width of the 10.2 kHz signal is about 30 km, what is the lane width of the 
' 13.6kHz signal? If the two signals have the same phase at distance r from the station, what 
is the smallest incremental range (away from the station) required for the phase to again be 

the same? 


6. What tine of year would you expect the atmospheric noise to be the largest: 


Summer afternoon 


Winter night 











CHAPTER 2 
OMEGA SYSTEM HISTORY 


_ Chapter Overview — This chapter traces the history of the Omega system from its World 
War II origins to the present. The chapter begins with. a historical sketch of Omega in 
Section 2.1, including the development of transmitting stations and receiving systems, 
user support, and system management. Section 2.2 explores the early work in VIF sig- 
nal generation, control of signal stability, and signal propagation which demonstrated 
the viability of a long-range navigation system at VLF. Experimental VLF transmissions 
and prototype Omega transmitting stations are described in Section 2.3. Section 2.4 
traces the evolution of Omega receiving systems used in surface, sub-surface, and air 
navigation, Finally, the changing role of user support in the evolution of Omega froma 
developing to a mature system is discussed in Section 2.5. Abbreviations and acronyms 
used in the chapter are given in Section 2.6 and references cited in the chapter are found 
in Section 2.7. 


2.1. INTRODUCTION 


Very low frequency (VILF; 3 kHz to 30 kHz) stations have been broadcasting radio signals since 
the early part of this century. Prior to World War I, transmitting/receiving stations were located in The 
Netherlands, France, Indonesia, Germany, Wales, and the U.S. (New York, New Jersey, and Massachu- 
setts). Between World War I and World War II more powerful stations with better transmitters were built 
in France, Great Britain (including Criggion and Rugby), and the U.S. (Annapolis, Maryland; Summit, 
Canal Zone; and Haiku, Hawaii). Eventually, commercial radio stations moved to higher frequencies (in 
the MF band: 300 kHz to 3 MHz) to gain higher data rates, leaving the VLF for mostly military stations 
whose missions emphasized security and long range over high data rate. Following World War II, VLF 
transmissions found applications in long-range dissemination of frequency and time, global navigation, 
and geophysical prospecting, as well as long-range, secure, reliable communications (Ref. 1). It was the 
early experiments in controlling long-range VLF signals during World War II that ultimately led to the 
present-day Omega System. 


One of the earliest radio navigation systems, known as Gee, was proposed in 1937 and 
implemented in 1942 by a U.K. engineer, R.J. Dippy (Ref. 2). This system operated at 30 to 80 MHz and 
supported allied aircraft missions across the English Channel during World War II. Since Gee operated 
in the very high frequency (VHF) band, it was of relatively short range. Experimental systems in the 
U.S. about this time focused on lower frequencies to obtain the longer ranges required for navigation 
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support to troop convoys crossing the North Atlantic Ocean. These systems were used in a hyperbolic 
mode, i.e., the time difference-of-artival for each pair of signals received was used to establish position. 
The transmissions were pulsed so that the differences in signal arrival times could easily be measured. 


Some of the most active research in this area at the time was performed by a research engineer 
~ named John Alvin Pierce attached to Harvard’s Crvft Laboratory. Pierce and others from the Radiation 
Laboratory ut the Massachusetts Institute of Technology developed a medium-range (several hundred 
miles) hyperbolic system at 3to 10 MHz in the hi tency (HF) band utilizing station-synchronized 
transmissions, This system beca ie known aslo... .ng RAnge Navigation) and, in the following 
years, acquired thousands of users. 


Following World War II, Pierce proposed a hyperbolic system at 40 kHz with a 200 Hz modula- 
tion. An experimental system (known as Radux) was developed which differed from loran and Gee in 
that it was continuous-wave (CW), not nulsed. This m2ant that the navigational user measured the phase 
difference rather than the ti.ne difference. To extend the range of this system, a phase-stable 10 kHz 
signal was added to the Radux format in the early 1950s, The resulting system, known as Radux-Omega, 
was designed to use the 200 Hz m«Julation to resolve the (approximately) 8 nautical mile “‘lane’’* of the 
10 kHz transmission. This system, which was expected to provide 5 nm fix accuracy at ranges of about 
3000 n.m., was tested at the Navy Electronics Laboratory (now called the Naval Command, Control, and 
Ocean Surveillance Center, NCCOSC) and the Naval Research Laboratory during the period 
1954-1957, These tests showed that the Radux signal was stable within a few microseconds. The sys- 
tem as originally conceived never became operational because: 


¢ The range of the 40 kHz signal was much less than that of the 10 kHz signal 
¢ The measured position errors were greater than expected 


©  .\saresult of the 40 kHz range limitation, numerous stations would be required for 
a worldwide system. 


In place of tt 200 Hz modulation, lane identification was to be achieved through the use of multiple 
VLF CW transmissions at closely spaced frequencies. The transmission of CW VLF signals controlled 
by phase-stable oscillators then became known as Omega (Omega is the last letier in the Greek alpha- 
bet). The name “Omega” was chosen by Pierce to represent the “far end” of the radio spectrum usable for 
navigation (Ref, 3). 


*In the hyperbolic mode of navigation, a lane corresponds to the distance interval between pairs of geo- 
graphic points for which the phase difference (between two synchronized transmitting statioas) 
differs by a cycle (360°). 











Due to the high cost of constructing VLF antennas, the first experimental Omega stations were 
advantageously located at sites where VLF/LF communication station antennas were in place. Thus, in 
the late 1950s, experimental transmissions were broadcast from naval stations in San Diego, California 
(Chollas Heights), Bainbridge Island, Washington, and in the Haiku Valley on the island of Oahu in 
Hawaii. These stations transmitted on several frequencies in the VLF range and demonstrated many of 
‘the characteristic features of VLF signal behavior that are known today (see Chapter 6). 


In the early 1960s, three additional experimental stations were established at Summit in the 
Canal Zone (Navy Communications Station), at Forestport, New York (Air Force test facility), and Crig- 
gion, Wales (British Post Office Station). The transmitting facilitics at Chollas Heights and Bainbridge 
Island were closed following the decision to discontinue Radux-Omega. The resulting network of four 
stations was operated in the master/slave mode in which a slave (or secondary) station synchronizes its 
transmission to the master station signal. 


Based on the success of the initial experiments with Omega signals, the U.S. Navy formed an 
Omega Implementation Committee in 1963, chaired by J.A, Pierce, to establish the transmitting, 
receiving, and operational charac: eristics of a worldwide Omega Navigation system. In 1966, the com- 
mittee’s final report (Ref. 4) was put:iished and the U.S. Navy began preparing for implementation. The 
final report served as the basis for most of the characteristics of the systern we now call Omega. An 
important exception was that few of the nations recommended by the committee for hosting station loca- 
tions were represented in the final system configuration. 


In 1966, the Criggion transmitter was relocated to Bratland, Norway, and the Summit transmit- 
ting equipment was moved to Trinidad in the West Indies, Both the Norway and Trinidad sites were 
outfitted with valley-span antennas that used natural formations (i.¢., a fjord and a narrow valley) to 
attain the necessary antenna height. The master/secondary mode of operation was abandoned following 
introduction of stable atomic clocks/oscillators at the stations. The resulting four-station network* that 
transmitted precisely controlled frequencies in a particular format and operated in the so-called “abso- 
lute mode” (all stations operating independently) marked the beginning of the modein Omega System. 


The U.S. Navy authorized full-scale implementation of the Omega System in 1968, based on the 
Omega Implementation Committee report. Program management, including station construction and 
runding, was assigned to a project office initially under the auspices of the Chief of Naval Materiel 
(PM-9) and later to Naval Electronics System Command (PME-119). In 1971-1972, under the terms of 





*The stations were labeled as Station A —- Norway, Station B — Trinidad, Station C — Hawaii, Sta- 
tion D — Forestport, this sequence was used in the frequency/time multiplexed transmission format. 


2-3 





Title 14, USC 82, operational duties were assumed by the U.S, Coast Guard’s specially formed Omega 
Navigation System Operations Detail (ONSOD), although the Navy Project Office retained overall 
responsivility. One of ONSOD's primary functions at this time was coordinating station synchroniza- 
tion through lig Use of inter-station phase measurements. As construction of the eight final stations 
proceeded through the 1970s, ONSOD assumed the duties of engineering maintenance for those sta- 
tions declared operational. 


Except for the station located in Australia, all Omega stations in the final system configuration 
became fully operational during 1971~1976. Table 2.1-1 (from Ref, 5) lists the dates of operational 
commencement and bilateral agreement for each station of the final configuration. Separate bilateral 
agreements were negotiated between the U.S. and the six non-U.S, host nations regarding construction 
site, station operation, logistics, and finances, In most cases, the agreements were signed well before 
operations commenced. However, in the case of La Reunion, the station was in operation for more than 
five years before the Governinent of France formally signed the bilateral agreement. In August of 1982, 
the Australia station became operational, thus, completing the full configuration of eigh: stations. Fig- 
ure 2.1-] shows the location of the eight Omega stations in the final system configuration, 


Representatives from the seven Omega station partner nations formed the International Omega 
Technical Commission (JOTC), The first LOTC meeting was held in June 1973 in Washington, D,C.,, but 
a formal charter was not drafted until 1980. The charter was formally adopted with all members’ signa- 
tures in December 1981. Meetings were held more or less annually until 1986 when it was decided to 
hold IOTC and station manager conferences in alternate years. 


Table 21-1 Important Dates for Stations in the 
Current Omega System Configuration 


7 Bilateral Station Declared 
Agreement Signed Operational 


A — Norway November 1971 December 1973 


8 ~-Liberla November 1973 February 1276 
C — Hawaii (U.S.) N/A January 1975 


D - North Dakota (U.S.) N/A October 1972 
E -La Reunion (Fr,) April 1981 March 1876 
F - Argentina December 1970 July 1976 

G -- Australia September 1977 August 1982 





H —Japan August 1972 April 1975 
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Figure 2.1-1 Present Omega Station Configuration 


In 1977, the Japan Maritime Safety Agency assumed the duties of coordinating the synchronization 
of the station (internal andexternal). This helped to widen the international role for system operational sup- 
port. Three years later, the U.S. Navy transferred system financial responsibility to the U.S. Coast Guard/ 
ONSOD, thus removing Omega operation from direct Department of Defense control. In 1986, ONSOD’s 
name was changed to the Omega Navigation System Center (ONSCEN) and its facilities were relocated to 
the Coast Guard Inforrnation System Center (then known as Coast Guard Station Alexandria, Virginia). 


2.2 EARLY EXPERIMENTS AND CONCEPTS IN VLF NAVIGATION 


2.2.1 Signal Generation Stability 


A major challenge in the early experimental transmissions of VLF signals for use ‘x navigation 
was to achieve the necessary stability of the signal. For most kinds of signal modulation used in com- 
munication (e.g., frequency shift keying, FSK*), high signal stability is not crucial, since detection of a 
signal in acertain frequency interval (bandwidth) is all that is required.3 Also, most of the early naviga- 
tion systems were pulsed systems in which only the timing (or time intervals) of the pulses is important. 
Jn aCW system, there is “nothing to hang your hat on” except the waveform itself which must therefore 





*FSK is a modulation technique in which binary coded information (consisting of ones and zeros) is 
transmitted at two closely spaced frequencies. 


The instability of signal generation accounts for a portion of the signal frequency spread over the 
received signal bandwidth. 








be stable. To illustrate this concept, consider the phase of a VLF signal transmitted from a distant station 
(e.g., athousand miles). A phase reading measured at a given location should not change with respect to 
a stable oscillator over a period of minutes unless the measuring location is changed (see Fig. 2.2-1). 
However, if the signal is not sufficiently stable, the detected phase wanders erraticaliy even though the 
detection equipment remains fixed. If the measurements are made on a moving platform, it is impossible 

to distinguish the phase change due to an unstable signal from that due to platform motion. Thus, signal 
generation stability is an essential requirement for CW navigation systems. 


An important milestone in the development of stabilized signal generation was achieved by 
Dr. Louis Essen of National Physical Laboratory in Great Britain (Ref. 3). Dr. Essen, who designed the 
first cesium beam resonator, designed a very precise crystal oscillator* known as a ring oscillator to stabi- 
lize the LF and VLF transmissions from the Rugby station in the U.K. In 1953, J.A. Pierce and others at 
Harvard began monitoring these signals which, at first, were transmitted daily for only one hour. Later, 
the 16 kHz transmissions were generated almost continuously, thus allowing measurements of cycle 
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Figure 2.2-1_ Effect of Unstable Signal Generation on Determining Vehicle Motion 





* A crystal oscillator uses the natural mechanical oscillations of certain crystals to generate oscillations 
(cf the same frequency) in electric signals. 
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changes in the measuring equipment. Ultimately, Pierce found that the day-to-day variation in the signal 
could be detected with an accuracy of about two parts in 10!!. To provide a feeling for what this stabitity 
means, consider a 16 kHz signal which has a period of 1/(16K103) seconds, or 62.5 microseconds,” 
Since there are 8.64x10!° microseconds/day, an accuracy of 2 parts in 10!! means an error of about 1.7 
microseconds/day or about 3% of the signal period in aday. This means that over aperiod of several days, 


a transmitted phase-stable signal could be tracked with high resolution and accuracy over long paths. 


This experiment also demonstrated that VLF signals could be transmitted with sufficient stability to per- 
mit navigation/position fixing. 


2.2.2 Range of VLF Signal Propagation 


The long ranges to which radio waves could be detected were not suspected until the discovery of 
the ionosphere. As early as 1839, C.F. Gauss speculated that electrical currents in the atmosphere caused 
the variations in the earth’s magnetic field (Ref. 6). Later in 1860, Lord Kelvin also speculated that a 
conducting layer above the surface of the earth was responsible for atmospheric electricity (Ref. 7), The 
physical nature of such a conducting layer was not known, however, until after J.J. Thomson's discovery 
of the electron and its role in forming conductive gases (Ref, 8). G. Marconi’s famous demonstration in 
1901 that radio signals could be transmitted across the Atlantic Ocean implied that the radio waves were 
deflected towards the earth (see Fig. 2.2-2). In other words, simple refraction through the atmosphere as 
it was then known (at the lower altitudes) could not explain Marconi’s achievement, A. Kennelly and 
O. Heaviside first suggested (in 1902) that free electrical charges in the upper atmosphere could reflect 
radio waves (Ref. 6). This was followed shortly by the suggestion that solar ultraviolet radiation acting 
on the neutral atmosphere was the source of the free charges. The existence of this so-called Kennelly- 
Heaviside layer was strongly doubted by many researchers until the experiments of Appleton and Barnett 
(Ref. 9) and Breit and Tuve (Ref, 10) in 1925-1926, These experiments, together with Chapman's pio- 
neering work in solar control of the ionosphere in 1931 (Ref, 11), mark the beginning of ionospheric 
physics as a modern scientific discipline. 


The existence of an ionosphere permits detection of radio signals at long ranges. This is especially 
true for the lower frequencies, which refiect from the ionosphere at large angles of incidence, thereby 
losing a relatively small fraction of the wave energy tothe ionosphere, Thus, the signal undergoes mult: 
ple reflections from the ionosphere and the carth’s surface between the transmitting source ynd the point 
of signal reception. At very low frequencies such as 10 kHz, the radio waves Ioo¢ about half their energy 


*The period of a signal is the time to complete one cycle and is the reciprocal of the frequency, A imicro- 
second is 10~6 second. 
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Figure 2,2-2 0 Effect of Jonosphere on Long-range Hlectromagnetic Signal Propagation 


for each 1000 kin of path length ag (hat, with aufficlent initial power, these alynaly cun be detected vt 
Gimtances greater than halfway around the world, With no lonosphere, moat of the ridio wave energy 
would be radiated Into free apace, with unly wamall fraction belng diffracted ae a muiface Wave lo ranges 
Of tens than 1000 km. 


2.2.0  }xperlments with Modulated VILE Signals 
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phase of thc tianamiitted signal. This uncertainty (which amounts to an integral number of wavelengths) 
ure 2,2-3 shows an cxainple of two receivers which measure the same phase (100°) although they arc 
soparated from the station by a different number of lancs (or cycles). One way to remove this ambiguity 
isto modulate the signal, 1.¢,, the principal signal is transmitted as the carrier for a much lower- frequency 
CW aignal. The perlod/wavelength of the lower-frequency modulating signal is much larger than that of 
the principal signal, so that the ambipuity ia greatly reduced or ¢liminuted, We will explain this method 
of reducing Inne ambiguity, using the example of Kadwx 


When Kaduax was proposed, this degree of ambiguity was tolerible, slace it was assumed that all potential 


€) 98t48) 
i 4a 
Tranamitiing Hit 


60" an" aan" nan? 
Slation 400 Tau" #29 1A 






Babb oe. mt em et mee 
Dai COVE GaP 


aphase of 100° 


Kigure 2.2-3 


2-4 








users of the system knew their positions within a few hundred rniles. The modulation frequency, however, 
cannot be made too low, because the phase measurement accuracy may not be sufficient to identify the 
correct carrier cycle, Thus, in the case of Radux, the ratio of the 200 Hz signal wavelength to that of the 


40 kHz carrier is 200: 1. This means that the 200 Hz phase measurement must be accurate to within 0.5% 
- of acycle. When the 10 kHz signal was added to the Radux format, the ratio of wavelengths was reduced 
to 50:1 so that the necessary phase measurement accuracy hecame 2% of acycle. This greatly improved 
the probability of identifying the correct 10 kHz lane. 


2.2.4 Unmodulated VLF Signal Generation 


In the 1950s, as dead reckoning procedures improved and became automated, lane ambiguity 
became less of a concern for system planners (particularly in the military). Thus, the Radux 200 Hz 
modulation was dropped, marking the first use of unmodulated VLF signals for navigation and also the 
passage of Radux-Omega into a pure Omega system. Later, the resolution of ambiguities was improved 
by transmitting several closely spaced frequencies (from a few hundred hertz to a few kilohertz), whose 
differences served to provide a wider lane. 


With the development of phase-stable signal generation techniques, described in Section 2.2.1, 
and experiments that demonstrated the long ranges attained by VLF signals, J.A. Pierce proposed a navi- 
gation aid which he called Draco (Ref. 3). This system would employ successive phase difference mea- 
surements on a moving platform as a means of dead reckoning. Such a system relies on tying changes in 
relative signal phase to changes in distance. Thus, when starting from a known location, Draco could be 
used to incrementally track a user along a desired route. This method works best when: (1) the succes- 
five measurcmicnt events are closely spaced in time (so that the path propagation conditions don’t 
change), and (2) reasonably separate J in distance (so that they are effectively independent), Among the 
platforms that use Omega for navigation, aircraft best satisfy these conditions. As aresult, by the 1970s 
most aircraft units were outfitted with VLF navigation units, similar in principle to Draco. 


2.2.5 Synchronized/Unsynchronized VLF Transinissions 


In addition to stabilized signal generation and sufficiently long range, a VLF navigation system 
designed primarily for use in the hyperbolic mode must ensure that signals generated from each station 
are synchronized. Synchronizing signals from widely separated stations to an accuracy of about one 
microsecond was very challenging in the years before satellite dissemination of accuraic timing signals. 
In the carly 1960s, the experimental Omega stations were synchronized through the use of a master/ 
secondary procedure (similar to that used in Loran), In this scheme, asecondary station synchronizes its 
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signal transmission to the phase of the received master station signal (including a fixed delay). This tech- 
nique has the advantage of control by the master station but the disadvantage that the effective transmis- 
sion time between the master and secondary station (as for any long path over which VLF signals are 
propagated) varies over the course of a day. Thus, a user receiving both master and secondary station 
signals would need to subtract the (nominal) master-secondary signaling time (and the fixed delay) 
before computing the phase difference. Differences between the actual and nominal signaling times 
would appear as synchronization errors. 


In the late 1960s, the master/secondary operation was discontinued and very precise cesium 
beam frequency standards were installed to control the signal generation at each station (the “‘absolute” 
mode of system operation). With such stable frequency control, synchronization could be maintain<d for 
longer time intervals. A good cesium standard has a long-term stability of about 4 parts in 10'!3 which 
corresponds to a loss or gain of about one microsecond per month. Cesium standards are not easily 
adjusted, so that phase correction is usually implemented via an external device, called a phase shifter, 
located in the timer section of the station equipment suite. During the first few years of absolute mode 
operation, each station recorded the signal phase of the other stations and subtracted the best estimate of 
the inter-station propagation times (or phases) to determine the amount of the correction. Any significant 
changes in the phase recordings over a week were investigated as potential equipment failuies. Later, this 
procedure became more systematized with the use of statistical estimation techniques. Moreover, the use 
of reciprocal path differences made the measurement of synchronization differences between station 
pairs more accurate. 


2.3 FOUNDATIONS OF THE OMEGA TRANSMITTING STATION NETWORK 


2.3.1 Early Transmitting Stations 


As mentioned /n Section 2.1, the first experimental Omega stations were advantageously sited at 
locations where VLF/LF communication station antennas were in place. Among the first stations to 
experiment with VLF transmissions for navigation purposes were those utilizing existing Naval VLF 
communication antennas in San Diego, California (Chollas Heights), Bainbridge Island near Seattle, 
Washington, and in the Haiku Valley on the island of Oahu in Hawaii. These stations were configured to 
transmit on several frequencies in the VLF band to determine the most stable frequency and, in general, 
to observe the diurnal behavior of the VLF signals. These stations transmitted low power (only a few 
hundred watts) but the signals were easily detected by the receivers collocated at each transmitter. 
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Most of these early transnutting stations were built to test the proposed Radux system, 
introduced in Section 2.1. For example, from 1951 to 1958, the Haiku station transmitted 40 kHz 
Radux signals with 200 Hz modulation. A single span across the Haiku Valley was used as an antenna 
while the Naval Station (NPM) concurrently transmitted communication signals from the other spans 
-crossing the upper part of the Haiku Valley. Chollas Heights also transmitted Radux signals during this 
~ period using a three-tower antenna system. In addition, test transmissions at Chollas Heights were con- 
ducted at frequencies of 24, 52, and 72 kHz using the 200 Hz modulation. A third station, which was 
set up at the Naval Station in Bainbridge Island, Washington, transmitted only Radux signals (40 kHz 
with 200 Hz modulation) using a 20 kW transmitter. This triad of stations was used to test Radux oper- 
ation and utilization in the hyperbolic mode. Data collected from a number of fixed and shipboard mon- 
itor sites demonstrated the stability and repeatability of the system (Ref. 12). 


In 1958, Radux was expanded to include a VLF transmission (ultimately at 10.2 kHz) and the 
system name was broadened to Radux-Omega. The Haiku and Chollas Heights stations were recon- 
figured to transmit at pairs of frequencies (separated by | kHz) from 9.2 to 18.2 kHz (one transmission at 
about 7 kHz). Those signals, closely spaced in frequency, were used to test lane identification tech- 
niques. The 40 kHz Radux signal was eventually discontinued since its range was much smaller than 
that of the VLF signals. The idea of a global Radux system was also abandoned because the achievable 
position accuracy (~5 nm) was not consistent with expected requirements for a global U.S. Navy 
navigation system. With its relatively short range, the 40 kHz Radux signal would have required many 
expensive ground stations to establish a global system. 


2.3.2 The Network of Master/Secondary Omega Stations 


The San Diego/Haiku pair provided much useful information but could not demonstrate VLF 
hyperbolic navigation, which requires a minimum of three signals from physically separated stations, 
As a result, in the early 1960s additional stations were established at Forestport, New York; Summit, 
Canal Zone; and Criggion, Wales. Table 2.3-1 provides additional information on these stations which 
operated in the master/secondary mode (similar to Loran). 


With the exception of Criggion, all stations were outfitted with the same type of transmitter 
equipment capable of delivering 100 kW of output power to the antenna (in the 10 to 14 kHz band). 
About the time that these stations were brought on-air, the experimental station in San Diego ceased op- 
erations, although monitoring of Omega signals continued for many years. 
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Table 2.3-1 Omega Station Network of the Early 1960s 
Operating in the Master/Secondary Mode 


Commenced Master/Secondary Effective Radiated 
Haiku, {Previously Master (1959-1961) ; Valley Span 2 kW 


Hawaii existing site] | Secondary 
(1961-1966) _ 















































November 
1959 


Forestport, 
New York 


Secondary Tower 


(1959-1966) 


100-300 W 















Summit, 1961 


Canal Zone 


Master (1961-1966) | Tower-supported 700-1000 W 


“Valley Span” 




















Criggion, 1963 


Wales 


Secondary 
(1963-1966) 


300-500 W 






Tower-supported 
“Valley Span"s 





*The actual configuration consisted of active antenna spans suspended between six towers. 


§Spans were anchored on 800” hills on either side of the valley and supported by three 600’ 
towers based on the valley floor. 


As ahistorical note, the station at Criggion was built during World War II to serve as a back-up to 
the VLF communication station at Rugby (GBR). The British feared that the Axis powers might destroy 
GBR which was farther south than Criggion and thus closer to the European continent. Fortunately, 
GBR survived the war and continues to transmit VLF information today. 


2.5.3 Omega Implementation Committee Report 


In 1963, an Omega Implementation Committee was formed by the U.S. Navy’s Bureau of Ships 
to specify the requirements for a complete, worldwide Omega Navigation System, primarily for surface 
marine, but secondarily for airborne and submarine users. Committee members with expertise in VLF 
signal generation, VLF signal propagation, transmitting antennas, and receiving equipment included 
J.A. Pierce (chairman), W. Palmer, A.D. Watt, and R.H. Woodward. Based on their collective 
knowledge, perusal of observational data, experience gained with the experimental transmissions, and 
knowledge acquired from VLF communication station design and operation, these experts formulated 
and thoroughly described all major aspects of the Omega System. 


Tre C mmittee’s report (Ref. 4), published in May 1966, describes the basic principles of sys- 
tem utilization (including geometry), signal propagation, signal format, and system synchronization. It 


also provi. .“ initial specifications for the transmitting stations, system monitors, receivers, navigation 
charts, and “ smpensation graphs.” 











The report’s section on system utilization covers use of the primary systern frequency, station 
geometry, and additional frequencies for lane identification and resolution. It was generally consid- 
ered that the principal usage of the system would be in the hyperbolic mode but use of the ranging mode* 
is also mentioned. A primary frequency near 10 kHz was proposed to minimize the contamination of the 
signal by the presence of higher-order modes (expected to be more extensive at higher frequencies) . 
yet avoid the higher attenuation exhibited by lower frequency signals (whose wavelength is comparable 
to the height of the ionosphere). The authors believed that the greater cost to build a station at a lower 
frequency (10 kHz) was more than offset by the need for the wider lane provided by the lower frequency, 
so as to minimize lane ambiguity. The selection of 10.2 kHzas the primary Omega frequency apparently 
stemmed from the earlier Radux system that used a 0.2 kHz modulation frequency. It was thought at the 
time that the 10.0 kHz frequency use would be limited to precise standards, so that “beating” of the 
10.2 kHz signal with the 10 kHz standard would permit acquisition of the modulating signal. In the 
10-14 kHz band, the frequency whose ratio with 10.2 kHz is the “simplest” (i.e., involving the lowest 
integers) is 13.6 kHz, whose ratio with 10,2 kHz is 4:3. This provided a difference frequency of 3.4 kHz 
(whose lane width is three times that of 10.2 kHz, i.e., 24 n.m. in the hyperbolic mode) to assist in lane 
resolution. The ratio of 13.6 kHz to 10.2 kHz can also be expressed as 8:6 or 12:9 which suggests a third 
Omega signal frequency in the ratio 8:7:6 (11.9 kHz), 12:11:9 (12.467 kHz), or 12:10:9 (1114 kHz). 
The latter ratio was chosen to provide a frequency difference of 1.114 kHz(11!4~10.2 kHz), which has a 
lane width of 72 nm (hyperbolic mode). The report also recommended that these signals be modulated 
to further reduce lane ambiguity. The report placed much emphasis on station geometry (for hyperbolic 
fixing) and lane resolution. The authors concluded that the RMS (Root Mean Squared) fix accuracy 
(accounting for all sources) would be half a mile in the day and one mile at night. They also concluded 
that the probability of correct lane identification would be 0.97 to 0.99 with the use of the 3.4 kHz differ- 
ence frequency. 


Because of its role in determining station location, designed transmitter power level, station 
synchronization, and the position error budget, VLF signal propagation was a very important consider- 
ation in the report. The principal propagation effects considered were: (1) the size of the region (defined 
as the near-field region) surrounding the transmitting station in which higher-order modes dominate or 


*In the ranging mode of Omega navigation, phase measurements (rather than phase difference mea- 
surements) are processed. 


’The Omega signal can be represented as the superposition (sum) of a number of modes. Use of 


the Omega signal for navigation, however, is predicated on the assumption that the signal is well 
approximated by a single mode (Mode 1); if strong higher-order modes are present, the signal cannot 
be used for navigation (see Chapter 5). 








compete with the signal’s Mode 1 component (see Chapter 5); (2) the east-west asymmetry in signal at- 
tenuation; and (3) signal attenuation over low-conductivity regions. As indicated above, the near-field 
region at 10 kHz, which is smaller than the near-field regions associ:ted with the higher frequencies, was 
a major factor in the selection of that frequency. The report did not, however, mention signals with sub- 
stantial higher-order modes beyond the near-field region of the transmitting station. In the years since 
- the report was published, the discovery of extensive regions in which station signals contain higher- 
order modes on nighttime paths revealed what is perhaps the most significant propagation problem en- 
countered in the use of Omega signals. For station placement, the authors recommended the middle 
latitudes to avoid both the east-west propagation asymmetry (effect (2) above) near the geomagnetic 
equator and the high signal attenuation over the low-conductivity areas located mostly in the polar 
regions. The proposed transmitting station power level was determined by first computing the minimum 
expected signal level (daytime westerly directed short-path signals) for a fixed power level of 1 kW, sub- 
tracting the maximum expected atmospheric noise level, and comparing with the minimum signal-to- 
noise ratio expected for a typical receiver, The deficit indicates the required power level in excess of 
1 kW. This rather simple calculation yielded a required station-effective radiated power level of 10 kW, 
which served as a basis for the station transmitter and antenna specifications. Some 25 years later, the 
effective radiated power at all transmitting stations continues to be maintained at this figure of 10 kW. 


The signal format proposed in the report is shown in Fig. 2.3-1 and for comparison, the current 
format is shown in Fig. 2.3-2. It is seen that, except for the precise value of the unique (station-specific) 
frequencies and the addition of the common 11.05 KHz frequency, the current format is the same as that 
recommended by the committee. The time/frequency multiplex format specified a pattern of time seg- 
ment durations for each frequency transmitted by the stations. This pattern of frequencies and time 
durations permitted a unique identification of the transmitting station signais for receiver synchroniza- 
tion purposes.* The spacing between the segments (0.2 second) was selected to ensure that the signal 
from the most distant station dies away before the signal burst marking the next time segment from a 
nearby station begins.§ The committee proposed the unique frequency signals as an additional aid in 
station identification and, with a suitable imposed modulation, to further aid in lane identification/ 
resolution. The proposed “central monitoring” scheme for station synchronization specified how phase 
data on reciprocal] paths (e.g., Station A to Station B and Station B to Station A) should be used to 


*The assumption is that the signal level is sufficient to permit discrimination of time segment durations 
differing by as little as 0.1 second. 


$A shorter time would also lead to problems in switching the antenna relays for the different frequency 
taps on the helix at the transmitting station. 
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H 13,6 11.33 11.657 | | 11.657 10.2 


ed 
Signal Frequency in kHz 


Figure 2.3-1 Omega System Signal Transmission Format as Originaliy Proposed 


closely estimate station synchronization error. Although this estimation is now performed with a 
sophisticated software package, the general synchronization methodology now employed is essentially 
that described in the report. 


4 The Network of Absolute Mode Omega Stations 

Once the Omega Implementation Committee’s final report was published, the U.S. Navy began 
preparing for implementation. In the same year, the Summit, Canal Zone transmitting equipment was 
moved to Chagaramus, Trinidad at the site of a valley span antenna. The Criggion, Wales equipment was 
temporarily relocated to Novika, in nosthern Norway before moving in 1967 to the current Omega loca- 
tion in Bratlan’’ Norway. Eventually, new equipment, designed by the Naval Electronics Laboratory 
Center (NELC), .. as installed at the Bratland site. The site at Novika was later used for construction of a 
NATO (North Atlantic Treaty Organization) VLF communication station. The use of a fjord as a site for 
a valley span antenna at Bratland typified early stations that used such natural formations to attain the 
necessary antenna height. With the introduction of stable atomic clocks/osciilators at all stations, the 
master/secondary mode of operation was abandoned in 1966. 
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Cc 11.8 11.8 10.2 13.6 11.33 11.8 11.8 11.05, 
D 11.05 13.4 13.1 10.2 13.6 11.33 13.1 12.1 
E 12.3 11.05 12.3 12.3 10.2 13.6 11.33 12.3 
F 12.9 12.9 11.05 12.9 12.9 10.2 13.6 11,33 
G 11.33 13.0 13.0 11.05 13.0 13.0 10.2 13.6 
H 13.6 11.33 12.8 12.8 11,05 12.8 12.8 10.2 


—————————————————— lI 
Signal Frequency in kHz 


Figure 2.3-2 Current Omega System Signal Transmission Format 


Table 2.3-2 provides an overall description of the resulting four-station network. Identical sets 
of transmitting equipment, consisting of input amplifier, driver amplifier, and power amplifier, were 
built for three of the four stations (Trinidad, Hawaii, and Forestport, New York). The Norway transmit- 
ter was a prototype version built by the Naval Electronics Laboratory. The stations were built and 
operated generally in accordance with the Implementation Committee’s guidance. An important excep- 
tion, however, was that none of the transmitted signals were modulated by alower-frequency signal. The 
synchronization procedure recommended in the report was carried out by station personnel and con- 
trolled by the Naval Electronics Laboratory. The resulting four-station network transmitting precisely 


controlled frequencies according to the prescribed format marked the beginning of the modern Omega 
System. 





Table 2.3-2 Omega Station Network of the Latter 1960s 
Operating in the Absolute Mode 


Commenced ‘Monitor Station Effective Radiated 


Bratland, March 1966 Hestmona, Norway Valley Span | 1-2 kW 
Norway : : 

























Chagaramus, Piarco, Trinidad 


Trinidad 


February 1966 





Valley Span 




















Kanéohe,” 
Hawaii 


(Previously 
existing site) 


Makapuu, Hawaii 
Pyramid Rock, Hawaii 
QOpana, Hawaii 


Valley Span 






Tower 















Forestport, 
New York 


[Previously Rome, New York 


existing site] 


100-300 W 


*Closest actual jurisdiction to station; Haiku is name of valley in which station is located. 


2.3.5 Construction of Operational Stations 


Following the Implementation Committee’s report, negotiations were initiated with several na- 
tions regarding the siting of transmitting stations. Most of the committee’s recommended sites did not 
become part of the final configuration of stations. Table 2.3-3 compares the recommended sites with the 
actual sites in the final configuration. Of course, it is difficult to make a one-to-one correspondence since 
each of the recommended site configurations represent different rotations (with respect to the earth) of 
equi-spaced network configurations. For example, Bouvet Island in the South Atlantic corresponds to 
either the current La Reunion or Argentina site, depending on the rotation of the station configuration. 


Table 2,3-4 lists the stations in the full and final Omega network configuration, The table lists 
the date each station (in its present form) commenced operations, the location of the associated monitor 
site, and the station antenna type. Figure 2.3-3 illustrates the three primary types of Omega transmitting 
Station antennas: grounded tower, insulated tower, and valley span. 


Perhaps for economic reasons the Bratland site was retained as the A-station in the network. 
Portions of the antenna system were refurbished and new station equipment was installed prior to the 
formal operational on-air date of December 1973. 


The station in Trinidad transmitted in the B-segment of the frequency/time multiplex format until 
the Liberia station became operational in 1976. At that time, Trinidad switched its transmission format to 
the G-segment of the pattern, where it remained until ceasing operation in December 1980. The Trinidad 
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Table 2,3-3 Recommended and Actual Sites for Omega Station Locations 


Recommended Sites Actual Sites 


Balearic Isiand Spain Bratland, Norway 
Spitzbergen, Norway 
Western lrefand 
Hebrides Islands (U.K.) 



























Nicobar Islands, India 
Tristan da Cunha (U.K.) 
Gulf of Oman (Iran) 

Windward tstands (U.K.) 


Paynesville, Liberia 





Galapagos Islands, Ecuador 
Marquesas Islands (France) 
Eastern Hawaii, U.S. 


Kaneohe, Hawaii, .S. 



















James Bay, Canada 
Leeward Islands (France/U.K.) 
Southern Texas, U.S. 
Aleutian Islands, U.S. 


LaMoure, North Dakota, U.S. 





Bouvet Island (Norway) 
Socotra Island (U.K.) 
Delagoa Bay (South Africa) 
Seychelles Islands (U.K.) 


Plaine Chabrier, La Reunion, Fr. 


Tierra del Fuego, Chile 
McMurdo Sound, Antarctica 
Chile (near 305 South) 
Bouvet Island (Norway) 


Golfo Nuevo, Chubut, Argentina 


East Cape, North Island, N.Z. 
Broome, Australia 

Southern South Island, N.Z. 
Auckland Islands, N.Z. 


Woodside, Victoria, Australia 


Aleutian Islands, U.S. 

Midway isiand, U.S. 

Northern Luzon, Philippines 
Southwest Mindanao, Philippines 


Shushi-Wan, Tsushima Island, Japan 








site was discontinued primarily because a base rights agreement (between the governments of Trinidad 
and the U.S.) terminated in December of 1980. The decision to relocate the station in Liberia was made 
principally on political grounds. The Liberia antenna was a “grounded tower” (no large insulator at the 
base of the mast), the first of its kind in the Omega network. 


The site in Hawaii was retained, again probably for economic reasons, although four additional 
spans were added and new transmitting equipment was installed prior to its designated operational date 
of January 1975. From 1972 to 1974, this station acted as a kind of system “headquarters,” when 
ONSOD was located in nearby Kailua. 
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Table 2.3-4 Present Omega System Station Configuration 


Position: * 
Letter ; Commenced Monitor Station Antenna Type/ : 
ee i 
Bratland, Norway | December 1973 | Utskarpen, Norway’ | Valley Span (2 66° 25’ 12.687 N 


spans)/ ~11,500 ft | 13° 8’ 13.07" E 


Paynesville, Liberia | February 1976 Brewerville, Liberia Grounded Tower/ | 6° 18’ 19,26”N 
1400 ft ~ 7 10° 39° §1.85" W 


Kaneohe, Hawaii January 1975 Wahiawa, Hawaii Vallay Span (6 21° 24’ 16.92” N 
spans)/ ~5,000 ft 157° 49’ 50.96” W 


LaMoure, North October 1972 Dickey, North Insulated Tower/ 46° 21' 57.40" N 
Dakota Dakota 1200 ft 98° 20’ 8.22” W 


Plaine Chabrier, March 1976 Riviere des Pluias, Grounded Tower/ } 20° 58’ 26.90” S 
La Reunion Island La Reunion Island 1400 ft 55° 17’ 23.62” E 


Golfo Nuevo, July 1976 El Tehuelche* Insulated Tower/ 43° 3’ 12.79" S 
Chubut, Argentina 1200 ft 65° 11’ 26.81" W 


Woodside, Victoria, } August 1982 Carrajung, Victoria, | Grounded Tower/ | 38° 28’ 52.42"S 
Australia Australia 1400 ft 146° 56’ 7.06” E 


Shushi-Wan, April 1975 Ozaki, Tsushima Insulated Tower/ 34° 36’ 53.06” N 
Tsushima Island, Island, Japar; 1500 ft 129° 2713.12" E 
Japan 





* Coordinates based on WGS-84 spheroid. 
SEstablished June 1991. 
tEstablished Saptember 1988, 


In the late 1960s the D-station was planned for siting in Minnesota. However, efforts in the U.S. 
Congress to have the station located in North Dakota were successful. Being the first of the fully opera- 
tional stations, the North Dakota antenna is of the older base insulator type. 


The station in La Reunion commenced operations in 1976 but the French parliament did not for- 
mally approve the U.S.-France bilateral agreement until 1981. This station’s antenna is the grounded 
tower type, modeled after the Liberia station antenna. 


Of the stations constructed in the 1970s, Argentina was the last to become formally operational, 
although it transmitted signals at the three common frequencies long before the formal on-air date. 
Because it was originally planned to follow the North Dakota station in the on-air sequence, Argentina 
has a base insulator antenna, modeled after the North Dakota station antenna. 


Up until 1970, the G-station had been planned for siting in New Zealand. However, a large 
public outcry followed reports that Omega was used by missile-carrying submarines and the station 
would be a target of the U.S.S.R. in the event of nuclear war between the two superpowers. The U.S. 
Navy then began negotiations with the government of Australia for a station located in that nation. 
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Protests similar to those in New Zealand fullowed public dinclosure of theac negotiations, Debates in 


Australian station Jocation, In the interim, alternative statlon locations jn New Caledonia, New 


Hebrides, and other sites were studied, Construction of the Australia station war finally completed 
in 1982, 


The Japan station commenced operations in 1973 with a specially designed cyHndrical antes 
centered over a base insulator. This antenna structure, located on the inland of Esishitnd, sao large Chit 
its guy wires are anchored un nearby islands. 








2.4 EVOLUTION OF OMEGA RECEIVING SYSTEMS/USER PROFILES 

2.4.1. First-generation Systems: Marine Receivers 

Omega, as conceived by the U.S. Navy when it authorized implementation of the system, was 
primarily intended for marine users, both surface and sub-surface. Omega was seen as a navigation aid 
in the open ocean, far from coastal areas where existing radionavigation systems could be used. More- 
over, the fact that Omega signals could be detected some tens of meters below the surface of the ocean 
(depending on the signal-to-noise ratio at the surface) made it useful as a navigation aid for subma- 
rines. The system was never considered accurate enough for weapons delivery from a submarine plat- 
form but was lock 2d upon as an alternative navigation system for patrol craft. 


The first operational Omega receivers were designed for shipboard platforms. These were large, 
bulky units with a long whip antenna, analog phase-difference measuring circuitry, and a strip-chart 
recorder to track lanes. Figure 2.4-1 (from Ref. 13) shows a block diagram of the AN/SRN-12, the first 
production-model receiver for U.S. Navy ships, designed in the mid-1960s. This receiver used all solid- 
state components (no vacuum tubes), considered an advanced feature at the time. The receiver tracked a 
single frequency so that separate units were required for multi-frequency use. Synchronization to the 
Omega time/frequency pattern had to be performed manually. The unit was configured to track signals 
from four stations and display three lines of position (LOPs)* with “nixie tube” lights. Two chart record- 
ers were provided to furnish permanent records of the vessel’s track and to maintain lane count. 


Antenna Digital Standby 
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Microprocessor 


Speed. and Power Standby 
Heading Supply Battery 


Figure 2.4-1 AN/SRN-12 Block Diagram 






*An LOP for hyperbolic navigation is an imaginary curve on the earth’s surface for which the phase 
difference between two Station signals is a constant; the curve is a special kind of hyperbola on a 
spherical surface. 
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The first Omegu receivers reccived a mixed reception from the (mostly U.S. Navy) users. 
Although some found it accurate and reflable, others did not and nearly all agreed that it demanded 
considerable time to operate, Manual synchronization to the Omega pattern (using blinking lights or 
heudphones) was difficult and error-prone, Thick books of tables were consulted to obtain propagation 
corrections (known In the late 1960s as “skywave corrections”) for the appropriate station/frequency 
signals, The propagation corrections were added to the displayed LOP valucs and the result plotted on 
large navigational charts overprinted with Omega LOPs, The chart recorders also had to be routinely 
checked to verify the correct lane identity. 


The carly recelvers were “linear” in the sense that there was no limiting device for restricting the 
level uf the Input signal, Inthistype of receiver, the measured phaye is very “clean,” i.¢.,no phase irregu- 
Jarition are Introduced by the receiver, but the detection circuitry ix casily saturated by in-band noise 
bursts, Occasional nolae bursts (usually caused by lightning discharges from both nearby and remote 
Jocatiune) generally result in only minor effects, but a series of such bursts can seriously degrade the 
phase tracking capability of such recelvers, 


The earilest operational Omega recelver designed specifically for submarine use was developed 
In 1967 (designated ANAWRN-3), This recelver was incompatible with existing VLF receiver antennas 
and was replaced in 1969 by the AN/BRN-4, Although 4 significant improvement over the AN/WRN-3, 
this tecelver wa» sill considered too large for the submarine environment and the time required to 
establish lane count (following loss of signals) was lengthy, The next version of the submarine Omega 
secelver (AN/ISIRN-7), produced in 1972, borrowed heavily from the technology used to develop the 
first airborne Omega receiver (see Section 2.4.2), This three-frequency, fully automatic receiver with a 


of slgouls,” Operational evaluation by the U.S, Navy indicated position accuracies from a few hundred 
Niglers up ty two miles ay antenn depths of five meters (ef. 14), 


2.4.2 Second-generatlon Systema: Alrcraft/Marine Recelvers 
Although the Omega military recelver development continued virtually uninterrupted through 


Hons was dntroduced inthe carly tomld-1970s, These second-generation receivers utilized recent tech- 
nological advances in microprocessyrs and high-performance, low-power CMOS circuits (Ref, 15), As 


OSE CTE Peet 


avallable before 1975, 































aresult, the receivers were lighter, smaller, and easier to operate. Synchronization to the Omega pattern 
was automatic and, in most receivers, propagation corrections were calculated internally. More sophis- 
ticated lane resolution techniques were possible with a microprocessor-based system which resulted in 
greater accuracy. 


Many of the advances that appeared in the second generation of Omega receivers were first  =8=§ 
employed in the development of the first operational Omega receivers for military aircraft. The receiver 
was designated the AN/ARN-99*and also served as the model for the AN/BRN-7 submarine receiver 
mentioned in Section 2.4.1. This receiver processed signals on all three common frequencies trans- 
mitted by the Omega system and contained a Kalman estimation algorithm for lane identification and 
position computation (see Chapter 4 and Appendix D). Propagation corrections were computed “on the 
fly” using an algorithm based on a model developed at the Navy Electronics Laboratory (Ref. 16). The 
receiver utilized a loop (H-field) antenna which was mounted in an electromagnetically quiet location on 
the aircraft skin. This type of antenna was generally superior to earlier blade (E-field) antennas in that it 
avoided “precipitation static,” i.e., the noise due to charged particles picked up when passing through 
clouds or fog. To minimize in-band noise and improve signal detection, the signals were passed thraugh 
a limiter and converted to narrowband intermediate frequencies. A latitude/longitude readout of posi- 
tion was aiso provided to save time for the pilot/navigator. Most of these features are still found in 
modern Omega receivers. 


One factor that greatly enhanced the navigation capability of Omega receivers in the airborne 
environment was the inclusion of true air speed and heading data into the navigation solution. This “rate- 
aiding” of the Omega receiver provided important additional information which is sometimes critical in 
navigating through periods of poor Omega signal accessibility. Following each navigational update/ 
solution, true air speed was compared with the Omega-computed ground track to determine the speed 
and direction of the winds aloft. 


In the late 1970s, fully automatic receivers were offered for shipboard platforms. These receiv- 
ers had features that were, in many ways, like their airborne counterparts; i.e., three-frequency signal 
processing, propagation corrections supplied from an internally executed algorithm, automatic pattern 
synchronization and lane identification, and a latitude/longitude readout. Most of these receivers were 
rate-aided with speed and heading provided by the ship’s electromagnetic underwater log (EM log) and 


* An earlier prototype version was known as AN/ARN-88. 
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compass. In spite of these advances, users reported problems which were traced to signal “self- 
interference,” such as modal interference, cycle slip/jump, long-path dominance, etc. (see Chapters 5 
and 6 for definition of these terms). As a result, hybrid systems that combined Omega and a satellite 
navigation system (using the TRANSIT satellite) became popular. These navigation systems advanta- 
- geously combined the higher accuracy of the satellite fixes with the continuous navigation capability of 
Omega. Such systems were reportedly quite accurate and reliable (Ref. 15). 


2.4.3 Modern Omega Receiving Systems 


Several developments over the years from 1975 to 1990 contributed to improvements which led 
to the efficient, reliable, and accurate Omega-based navigation systems available today. Figure 2.4-2 
illustrates a typical airborne Omega receiver system produced during this period. The system comprises 
a receiver processor unit that performs all computations, a control display unit that acts as a user (pilot) 
interface, and an antenna coupler unit. 
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Receiver Processor 
Unit (RPU) 


Control Display 
Unit (CDU) 







Antenna Coupler 
Unit (ACU) 


Figure 2.4-2 Typical Airborne Omega Receiver System used in the Early 1980s 








One development during this period that was suggested by the earlier Draco system (see Sec- 
tion 2.2) was the utilization of the signals from the VLF communication stations for navigation. The 
carrier signals from these stations (a partial listing is provided in Table 2.4-1) are modulated with a mini- 
mum shift keying (MSK) format utilizing signals separated by 50 Hz. This small frequency separation 
yields a 3000 kin phase difference “lane” which almost eliminates lane ambiguity. Unlike the Omega 
stations, the VLF communication stations are not synchronized, so that only phase changes from each 
station can be processed in a navigation mode, This means that VLF signal processing is used to supple- 
~ ment Omega navigation rather than acting as a substitute. Moreover, these communication signals are 
broadcast for national and international security purposes, so that stations can switch frequency, change 
modulation, or temporarily cease operation with no advance warning. Thus, although VLF signals serve 
a very useful supplementary function in many (mostly airborne) modern Omega receivers, they cannot 
play a primary navigational role because the VLF communication signals are not intended for 
navigation. 


Another important development was the availability of improved signal prediction data. One of 
the most important sets of these data were propagation corrections, which, prior to 1974, were made 
available to the public solely in a tabular format. In 1974, the U.S. Coast Guard/Omega Navigation Sys- 
tem Operations Detail (ONSOD) published a report explaining the basis of the algorithm and including a 


Table 2.4-1 VLF Communications Stations* 


eT OTT Radiated 


Rugby, U.K, 52° 22' N iV Ww 16.0 

Noviken, Norway 66° 58’N | 13°53’E 16.4 i 
Yokosuka, Japan 34° 58’N | 137°01°E 17.4 38 
Anthorne, U.K. 64° 55’N | 3° 16°W 19.0 42 


Tavolara, Italy 40° 55’N | 5° 45° W 20.27 43 
Annapolis, Maryland, U.S. 38° 59’N | 76°27’ W 21.4 213 
Exmouth, Australia 21°49'S | 114°10°E 22.3 1800 
Honolulu, Hawaii, U.S. 21° 25’N | 168° 09° W 23.4 502 
Cutler, Maine, U.S. 44° 39'N 67° 17’ W 24.0, 17.8 1200 
Jim Creek, Washington, U.S. } 48° 12’N | 121° 55’ W 24.8 245 
Aguada, Puerto Rico (U.S.) 18° 23’'N | 67°11°W 28.5 100 





* This tablc lists most of the VLF stations whose signals are utilized by conventional Omega/VLF receiving 
systems; a complete list of VLF stations is given in Ref, 17. 


§ Operated by the North Atlantic Treaty Organization (NATO). 
+ Operated by the U.S. Navy (USN). 








computer program listing (Ref. 18). This allov.ed manufacturers to install a standardized PPC computa- 
tional algorithm in a microprocessor-based receiver. An updated algorithm was published in 1980 
(Ref. 19), Equally important were predictions of signal usability, usually in the form of coverage 
diagrams/maps, which showed the regions and tines for which signals from each station should be used 
oravoided (see Chapter 10). This information was usually digitized and stored in the receiver serving as 
_areference file by asignal selection algorithm. This use of signal prediction data was made feasible by 
the continued development of smaller, faster, and higher-capacity microprocessors throughout the late 
1970s and 1980s. 


In the mid- 1980s, “integrated” navigation systems which intelligently combined outputs from 
several navigation sensors, e.g., Omega and inertial navigation systems, began to displace single-sensor 
Units, especially in aircraft. This idea was carried even further with “interoperable” units which com- 
bined the basic data (e.g., pseudo-ranges) from multiple systems into a single navigation output. This 
concept also provides protection for the user in the event that one of the systems becomes temporarily 
unusable or is phased out of service. 


2.4.4 Changing Patterns in Users and Applications 


As noted, Omega was primarily intended as a navigational aid for marine users. Thus, early em- 
phasis was placed on tae development of operational Omega receivers, such as the AN/SRN- 12 for ship- 
board platforms. However, because of the inordinate amount of operator attention required, their 
comparatively low reliability, and the relatively few stations available in the 1960s and early 1970s, 
Omega marine receivers were not popular during this period, especially in the civil marine sector. 
Instead, marine users turned to TRANSIT satellite navigation systems in which fixes were obtained 
through Doppler measurements (i.e., measurements of the apparent signal frequency shift due to the 
relative velocity between the user and the satellite). The TRANSIT satellites provided accurate fixes 
(a few hundred meters for the two-frequency units) although the time between fixes ranged from two :o 
six hours. Thus, by the time combined Omega/TRANSIT units (which were accurate, reliabie, and 
required little operator attention) appeared in the Jate 1970s, the navigation system of choice for the ma- 
rine transportation community was TRANSIT. Sub-surface use of Omega fared somewhat better since: 
(1) the users were entirely military and (2) the initial unit (AN/BRN-7) was based on an Innovative 
aircraft design. Although expensive to produce, submarine Omega receivers have generally performed 
well over the past 20 years. 
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As explained in Section 2.4.2, the use of Omega receiver systems for aircraft grew rapidly dur- 
ing the second generation of Omega receiver development. Thus, from the outset, airborne Omega 
receivers enjoyed the reputation for requiring little operator attention, high reliability, and reasonably 
good accuracy. Supplemented with signals from the VLF communication stations and enhanced with 
signal selection/deselection algorithms and improved PPCs, airborne systems grew to dominate th 
Omega receiver markets in the 1980s. Following FAA certification of Omega on certain routes, many ot 
these systems were acquired by air carriers for their overseas flights. In the late 1970s, there were large 
acquisitions of Omega receivers for military aircraft, including the Navy’s P-3 ASW (anti-submarine 
warfare) fleet and the Air Force’s C-141 transports. The systems were less popular on general aviation 
aircraft, possibly because of their general confinement to continental regions, where more accurate sys- 
tems, such as VOR/DME or loran were in place. Except for certain U.S. Army applications (Ref. 20), 
rotary wing aircraft have seen limited use of Omega receivers. 


One non-navigational application of Omega signals, probably not foreseen during the early sys- 
tem implementation, was the tracking of meteorological balloons whose use developed rapidly in the 
1980s. In these systems, balloon-borne radiosondes repeat Omega signals to a ground controller which 
tracks the balloon position and computes a wind speed profile with altitude. By using Omega signals, 
these expendable units are inexpensive and can be used practically anywhere on the globe. Recent fig- 
ures (Ref. 21) indicate that over 100,000 of these units are deployed each year. 


2. HISTORICAL DEVELOPMENTS IN OMEGA USER SUPPORT 


Much of the early work in Omega involved testing the feasibility of a long-range VLF navigation 
system, including the stability of signal generation and the signals’ day-to-day phase variation. Later 
work was primarily devoted to station construction and receiver development. Perhaps the earliest 
significant support provided to Omega users was the development of Omega charts and lattice tables by 
the U.S. Naval Oceanographic Office and later the U.S. Defense Mapping Agency. Following construc- 
tion of the stations (except for Australia) in the latter part of the 1970s, Omega user support, principally 
by the U.S. Coast Guard, began to assume a more important role. 


2.5.1 System Notifications and Communication 


Because Omega is an open, freely accessible, global navigation system, it has always been a 
challenging task to notity its users of planned station off-airs, reduced power operation, insertion of new 


station signals, and other such critical information. The Omega Implementation Committee had recom- 


2-28 











‘mended that the suggested modulation frequencies (which were never implemented) be used te warn 
users of anomalous conditions, such as Sudden Ionospheric Disturbances (SIDs) or Polar Cap Distur- 
bances* (PCDs) (see Chapter 6 for definitions of these terms). This recommendation was never 
implemented so that Omega operations personnel had to seek other ways to notify users. 


When ONSOD was formed in 1971, an operations staff was appointed to coordinate system noti- 
fications and communications with stations, operating agencies, and users. Initially, notices of critical 
importance to Omega users were relayed through the Defense Mapping Agency (DMA). These notices 
included such events as: a 7 


e Imminent station off-air 

e Occurrence of an anomalous event (e.g., PCD) 
e Longer-term scheduled station off-air 

e = Reduction of station power 


e _—_ Bringing a new station on-line. 


In response, DMA issued warnings through a marine communications network in the Atiantic 
(HYDROLANT) and the Pacific (HYDROPAC) Ocean areas. DMA also disseminated the information 
in (hard-copy) Notices to Mariners and Broadcast Notices to Mariners. Local Notices to Mariners are 
issued by U.S. Coast Guard District Offices. As aircraft use of Omega increased, notices were also for- 
warded to the Federal Avia ‘on Administration (FAA) which, in turn, sent out NOTAMs (Notices to Air- 
men) through its network of airports and regional offices. 


Some anomalous events such as SIDs are relatively short, so that a warning message requiring 
many hours to deliver makes little sense. A PCD, on the other hand, can persist for several days, so that 
occurrence notifications are appropriate. In the 1980s, a procedure (currently in effect) was set up to 
increase the reliability of the PCD warnings. Stations on either end of transpolar paths (paths which 
transit the north or south geomagnetic polar regions) are asked to report when the phase on these patns is 
depressed by more than 0.2 cycle for 1 to2 hours. These reports are evaluated and compared with infor- 
mation from the Space Environmental Services Center (SESC) in Boulder, Colorado, and a warning 
message is issued by ONSCEN if all reports are consistent. 


*Closely related to a Polar Cap Absorption (PCA) event. 


SThe geomagnetic polar regions are circular areas of approximately 1800 nm radius centered at the 
north and south geomagnetic poles. 





Beginning around 1980, Omega status advisories and warnings were broadcast on frequencics of 

2,5, 5, 10, and 15 MHz from HF broadcasting stations WWV in Fort Collins, Colorado and WWVH on 

the island of Kauai in Hawaii, A 40-second slot is provided at 16 minutes past the hour (WWV) and 47 

Minutes past the hour (WWVH) for information regarding station status, planned off-airs, and event 

warnings. Because of the widespread use of WWV/WWVH as a timing signal, it is thought that this 
-mode of dissernination reaches the greatest number of Omega users. 


Communications with the stations and operating agencies were initially by voice (telephone) 
and masvige (teletype). These were frequently difficult with remote stations such as Liberia or 
Ls Reunjon, Message handling improved with the use of AUTODIN (AUTOmatic DIgital Network), a 


sources Ma AUTODIN and commercial activities via telex on a weekly basis. In addition to warnings 
and planned staiion off-airs. these messages provide a detailed listing of station off-air times during the 
preceding weck, 


2.4.2 Propagation Corrections 


ProPagation Corrections (PPCs) are indispensable for the proper use of Omega signals. The PPC 
Js dendgned to adjust the received signal phace to a “nominal” model in which the phase is a fixed linear 
function of distance, Independentof tine or direction of signal propagation. The Implementation Com- 
mitice recognized the need for “diurnal” corrections but recommended they be prepared and distributed 
fi the fommol“cumpensation graphs,” Subsequently, it was found simpler for the shipboard navigator to 
use tables of conections keyed to location (4° Jatitude % 4% longitude) and time (hour, half-month, and 
year). ‘These tables were based on amodel developed by the Naval Electronics Laboratory (now NOSC) 
and were produced by the Naval Occanographic Office (later by DMA), 


An ONSOD report (Ref, 18), widely distributed in 1974 explained the semi-empirical model of 


ofthe wtuouthin sa that anyone with acomputer could produce PPCs ata pointin space and time, ‘This 
alo tad the wdvantape of establishing a standird PPC model whose performance is universally under- 


atood ane documented 
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The model was recalibrated several times for specialized cases (local regions and global/single 
frequency) in the late 1970s. In 1980, however, an “official” three-frequency upgrade and recalibration 
of the model was produced, This recalibration was based on ph. se data collected at many locations 
around the world from 1965 to 1979. In 1977, ONSOD purchased specialiy-developed Omega monitors 

’ toprovide auniformly high-quality database for PPC model calibration. The monitor sets (MX 1104) that 

were ultimately produced, however, were not fully deployed over the globe until the 1980s so that only a 
small fraction of the new monitor data was used in the 1980 PPC model recalibration. In addition, the 
-1980 model contained a new “term” (in the computation of predicted phase), which was exponentially 
dependent on year.* Inthe late 1980s, sufficient MX1104 datahad been collected to provide a full global 
database for another PPC model recalibration. This high-quality data, together with reports of time- 
dependent phase errors in the 1980 model led ONSCEN (formerly ONSOD) in 1989 to initiate an effort 
to develop and calibrate anew PPC model. 


2.5.3. Omega System Signal Prediction Products 

Omega user information support products have evolved in consonance with a growing system, a 
changing user p upulation, and advancing technology. Figure 2.5-1 provides a time-line for the develop- 
ment of the two principal categories of user information support products: coverage data and propaga- 
tion corrections. For reference, other dates are also shown, including commencement of operation for 
each of the current stations and ONSOD/ONSCEN. 


As noted above, most effort in the early 1970s was concentrated on station construction and 
bringing each new station's operations on-line. During this period, user support products emphasized 
information on new transmitting stations as they were brought into the system. Thus, for example, cov- 
erage information was intended to provide only “representative” data (e.g., local day, local night) on 
expected signal accessibility for each station and the system. 


The marked shift in the Omega user/platform mix during the early 1970s also influenced the types 
of Omega user support information produced. As the Omega user community evolved from marine- 









dominated to airborne-dominated, corresponding changes w’ _iade in coverage information. Thus, 






for example, coverage conditions appliczhle to the marine user, e.g., portrayal of local-time signal cover- 






age, were changed to those tailored to the airborne user, e.g., signal coverage for several global times. 










* By 1990, ONSCEN determined that this term had grown beyond that projected in the 1980 calibration 
and was beginning to seriously degrade phase prediction accuracy. As a result, ONSCEN directed 
that the term be deleted from all PPC model software (Ref. 22). 
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Advancing information display technology also changed the format and use of Omega user sup- 
port information, As shown in Fig. 2.5-1, early coverage products were provided exclusively in hard 
copy. As microprocessor technology moved forward te make personal computers commonplace, cover- 
age information was disseminated as a software package for use on a PC with a color graphics terminal. 
The electronic medium not only allows rapid access/efficient storage, but also permits use of other fea- 

tures, such as toggling and overlays to enhance understanding of the coverage characteristics. 


Before Omega was declared fully operational, the system providers needed the fully operational 
system coverage information to evaluate Omega as a replacement for Loran-A and other similar radio- 
navigation systems. In response to this need, the first coverage product, in the form of signal coverage 
diagrams, was developed in 1976. Due to changing Omega user population and requirements and im- 
proving Omega receiver/display technologies, the content and display of the information have under- 
gone several improvements (see Chapter 10). 


The first coverage information product consisted of two hard-copy coverage diagrams displaying 
the worldwide availability of coverage from the fully operational (eight-station) Omega system: 


e For the primary Omega navigational signal frequency of 10.2 kHz 
e Forthe “usable” signal access criteriaconsistent with known receiver characteristics 


e At two local times having the supposed “worst” (loca! summer noon) and “best” 
(local winter rnidnight) local propagation conditions for the Omega signals. 


The diagrams were developed using the best available theoretical Omega signal propagation models. 
These models have also undergone several improvements and have been used to develop later coverage 
products. Although the hard-copy diagrams were ¢xtremely complex to interpret and use, there was no 
other readily available way to display the coverage information with the available technology. 


Later diagrams were constructed using improved coverage prediction models for ei;:ht fixed global 
times at 10.2 and 13.6 kHz. The eight times (0600 and 1800 UT in the months of February, May, August, 
and November) were selected to provide an adequate sample of the time-dependent global coverage using a 
manageable number of diagrams. Initially, these diagrams were provided in hard-copy format, but with the 
advent of inexpensive microprocessors, this coverage information was incorporated into Omega ACCESS 
(Automated Composite Coverage Evaluator of System Signals), a computer-based Omega coverage dis- 
play and analysis product (see Chapter 10). This method of coverage display allows for greater flexibility in 
portraying “ignal coverage than hard-copy diagrams. Omega ACCESS was targeted for IBM PC/XT/AT 
machines with CGA color monitors with or without a mouse. Although the underlying signal coverage data 
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included only fixed threshold information, the use of color made the display more appealing. More irnpor- 
tantly, the computer environment readily permitted the “compositing” of multiple single-station coverage 
diagrams to display system coverage under a variety of conditions. 


The eight-time coverage diagrams were found to vary: (1) little from one computed month to the 
next, and(2) significantly between the two computed huurs. As aconsequence, the eight-time coverage 
information was useful, but not adequate to determine coverage between the two computed hours. It 
was recognized that 24-hour coverage information was necessary to properly characterize the Omega 
signal environment both as a prediction tool for users and as a means of system performance assessrnent. 


In 1989, the Omega Navigation System Center (ONSCEN) sponsored development of a 24-hour- 
a-day, four-month worldwide database of signal coverage calculations at 10,2 and 13.6 kHz. This database 
was developed primaiily as a component of the Omega System Availability Model, a model that 
establishes the framework for calculation of the overall Omega system availability (a system perform- 
ance index), computed for a given scenario by means of a computer workstation known as PACE 
(Performance Assessment and Coverage Evaluation). This new coverage database not only expands the 
time domain of the signal coverage data by a factor of 12, but also spatially references the data in a matrix 
format of latitude/longitude cells. The 24-hour-a-day, four-month/two-frequency signal coverage data- 
base and some of the PACE features are included in an expanded version of Omega ACCESS, known as 
Omega ACCESS II. 


2.5.4 Omega User Group 


Users of most large, freely accessible navigation or communication systems eventually form 
user associations in order to obtain basic system information/access, make inquiries regarding future 
plans, and share experiences with other users. Omega is no exception to this process and has had an 
active user association in place since 1975, Until 1993 the group was known as the International Omega 
Association (IOA). In 1993, the organization sought to widen its scope and became the International 
Navigation Association (INA).* 


*The INA address is: 
International Navigation Association, Inc. 
P.O. Box 2324 
Arlington, VA 22202-0324 
USA 





In February 1975, the first planning mecting for an Omega support group was held, A link-up 
with the Wild Goose Association (WGA, the Loran-C user group) was briefly considered but rejected 
because of the perceived need for a distinctly international group, A constitution and set of bylaws were 
drafted and approved later that year, As stated in the original constitution, the mission of the [OA was to: 


e = Advance the cause of Omega as an international navigation ald 


e Encourage the use of Omega by all segments of the international navigation 
community 


e = Provide an international forum for the exchange of information concerning Omega 

e = Work with other organizations for the advancement of the art of navigation 

e = Encourage standardization and the generation of specifications for all clisses of 

Omega users. 

The bylaws of the INA (adopted March 1993) Incorporated most of these objectives but broadened thelr 
scope to include all long-range radionavigation systems, Mure thin 300 representatives from the user, 
industry, goverment, and the academic communitics attended the first annual TOA meeting in Arling- 
ton, Virginia in July 1976, The attendees included representatives from the ULS., Australia, Canada, 
England, France, and Norway (Ref, 22), 


The annual meetings have been the chief focus of the JOAAINA's technical agivity, In keeping 
with its charter, the IOA/JINA has alternated meeting sites between US, and non-U.S, locations, 
Table 2,5-1 lists the JOA/INA annual meetings and Jogations through 1993, The meetings generally lant 
one week and include several tutorial scasions, a full program of technical presentations, (wo user 
forums, a business meeting, and a navigation-related field trip. 


Foremost among IOAANA publications are the proceedings of the annual meetings (neluding 
transcripts of questions and comments), Which serve asa primary archival souree for Onegin intone 
tion, The INA also issues a newsletter several times during the year and maintiins a bibliogaphy of 
informal relationship with the WGA and the Institute of Hlectrical and Hectonics Engineers, Vinally, in 
keeping with its advocacy role, the INA encourages concemed users to communicate helr support for 
the system to U.S, Department of Transportation which, together with he US, Departmentof Defense, 
publishes the Federal Radionavigation Plan, This plan, which ds jointly signed by the Secretaries of 


navigation systems, Cutrent plans are that Omega will continue operation through at least the turn of 
the century, 








Table 2.5-1 International Omega Assoclation/nternational Navigation Association 
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2.6 ABBREVIATIONS/ACRONYMS 


A 
ACCESS 
ACU 


_ AN/ARN-88 


AN/ARN-99 
AN/SRN-12 
AN/WRN:3 
AN/BRN-4 
AN/BRN-7 
ASW 
AUTODIN 
i 

Cc 

CDU 

CRT 

Cw 

D 

DMA 

DME 


} 


ad 


* 
4 


FAA 
Mr 
SK 
Gg 

H 
HF 


HYDROLANT 


HYDROPAC 
Hy 

W 

INA 

IOA 





Omega Station Norway 

Automated Composite Coverage Evaluator of System Signals 
Antenna Coupler Unit 

Prototype airborne Omega receiver for U.S. Navy 
First-gceneration airborne Omega receiver for U.S. Navy 


_First-generation shipboard Omega receiver for U.S. Navy 


Prototype submarine Omega receiver for U.S. Navy 
First-gencration submarine Omega receiver for U.S, Navy 
Second-gencration submarine Omega receiver for U.S. Navy 
Anti-submarine Warfare 

AUTOmiatic Digital Network 


Omega Station Hawaii 

Control Display Unit 

Cathode Ray Tube 

Continuous Wave 

Omega Station North Dakota (formerly Forestport, NY) 
Defense Mapping Agency 

Distance Measuring Equipment 

Omega Station La Reunion 

Omega Station Argentina 

Federal Aviation Administration 

France 

Frequency Shift Keying 

Omega Station Australia 

Omega Station Japan 

High Frequency 

Hydrographic warnings for the Atlantic Ocean region 
Hydrographic warnings for the Pacific Occan region 
Hertz 

Intermediate Frequency 

International Navigation Association 

International Omega Association 
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IOTC 
kHz 

km 

kW 

LF 
~“LOP 
MF 
MHz 
MX1104 
NATO 
NOSC 
NOTAM 
N.Z. 
ONSCEN 
ONSOD 
PACE 
PCA 
PCD 
PPC 

RF 
RMS 
RPU 
SESC 
SID 
TRANSIT 
U.K. 
USN 
VHF 
VLF 
VOR 


WGA 
WWYV 
WWVH 


International Omega Technical Commission 
Kilohertz 

Kilometer 

Kilowatt 

Low Frequency 


Line of Position 


Medium Frequency 

Megahertz 

Omega monitor receiver used by ONSOD/ONSCEN 
North Atlantic Treaty Organization 

Naval Ocean Systems Center 

Notice to Airmen 

New Zealand 

Omega Navigation System Center 

Omega Navigation System Operations Detail 
Performance Assessment and Coverage Evaluation 
Polar Cap Absorption 

Polar Cap Disturbance 

Propagation Correction 

Radio Frequency 

Root Mean Squared 

Receiver Processor Unit 

Space Environmental Services Center 

Sudden lonospheric Disturbance 

U.S. Navy navigation satellite system 

United Kingdom 

U.S. Navy 

Very High Frequency 

Very Low Frequency 

VHF Omni-directional Receiver 

Watts 

Wild Goose Association (Loran) 

Timing signal broadcast station — Fort Collins, CO 
Timing signal broadcast station — Kauai Island, HI 
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3.1 


CHAPTER 3 Se 
OMEGA TRANSMITTING STATIONS 


Chapter Overview — This chapter describes some important features of the Omega 
transmitting station network, including its operation as a coordinated system and the 
suite of equipment at each station. Following the chapter introduction in Section 3.1, the 
system operating policy and operational procedures are explained in Section 3.2. This 
section also contains a description of station maintenance procedures. Section 3.3 pres- 
ents the Omega signal specification and other important system parameters and data. 
Section 3.4 provides an overview of the major equipment subsystems at éach station: tim- 
ing and control, transmitter, antenna tuning, and the antenna structure. Finally, the 
near-field behavior of the radiated signal and its relationship to antenna currents and 
other parameters are explained in Section 3.5. Sample problems .:nd problems to be 
solved by the reader are found in Section 3.6. Abbreviations ant acronyms used in the 
chapter are given in Section 3.7, followed by the cited references listed in Section 3.8. 


INTRODUCTION 


The signals from the eight Omega transmitting stations shown in Fig. 3.1-1 provide continuous 
signal coverage over most of the globe. The signals are generated using electronics equipment that is 
virtuaily the same for all stations in the system; the station antennas, however, differ substantially. 
Because they radiate long-wavelength VLF signals, the antennas are the largest physical structures at the 
Stations. Due to its size, the antenna structure often makes use of the local terrain, for example, in 


Norway, a portion of the antenna spans a fjord. 
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Figure 3.1-1 Omega Transmitting Station Network 
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Three types of antennas are employed in the Omega system: (1) grounded tower, (2) insulated 

tower, and (3) valley-span. Beyond the antenna, about 20 to 50 km from the effective phase center, each 

Station has an associated signal monitoring facility. These unattended facilities perform several func- 

tions, including monitoring the performance of the associated station, providing data necessary to phase- 

“-". synchronize the stations, and detecting the effects of solar-terrestrial events that cause anomalous shifts 
___.of the propagated signal phase. =| renee aa 


Table 3.1-1 provides information on the eight Omega stations including the name of the munici- 
pality nearest to each transmitting station. The associated transmitting antenna types and their approxi- 
mate dimensions are also included in the table. 


The Omega signal transmission format is illustrated in Fig. 3.1-2. Across each of the eight rows 
in the figure is a 10-second sample of the signal frequencies transmitted by a particular station. Important 
features of this time/frequency multiplex format are: 


e Fourcommon signal frequencies are transmitted: 10.2, 1114, 13.6, and 11.05 kHz 
e One unique signal frequency is transmitted by each station 

e Aninterval of 0.2 second separates each of the eight transmissions 

e The transmission periods vary in length. 


Table 3.1-1 Omega Transmitting Station Locations and Antenna Types 



























STATION LETTER NEAREST ANTENNA TYPE yen 
DESIGNATION MUNICIPALITY (DIMENSION) ‘orgies 









Valley Span (2 spans) 
(3505 m) 
Grounded Tower 
(427 m) 

Valley Span (6 spans) 
(1524 m) 


Insulated Tower 
(366 m) 


66° 25’ 12.68” N 
13° 8’ 13.07” E 


6° 18’ 19.26” N 
10° 39’ 51.85” W 


21° 24’ 16.92” N 
157° 49’ 50.96” W 


46° 21’ 57.40” N 
98° 20° 8.22” W 


Grounded Tower 20° 58’ 26.90” S 
(427 m) 55° 17’ 23.62” E 


Insulated Tower 43° 3’ 12.79" S$ 

(366 m) 65° 11 26.81” W 

Grounded Tower 38° 28’ 52.42” S 

(427 m) 146° 56’ 7.06” E 

Shushi-Wan, Tsushima Island, Japan | Insulated Tower) ~~ 34° 36’ 56.95” N 
(457 m) 


129° 27° 13,12" E 
*Coardinates based on WGS-84 spheroid. 






Paynesville, Liberia 
—— LaMoure, North Dakota 
H 
























Plaine Chabrier, La Reunion \sland 










Golfo Nuevo, Chubut, Argentina 


Woodside, Victoria Australia 
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1 2 3 4 6 7 8 
fe 10 Sacsnes $+ 
statin fe 08 afete 10 fale a apcle 12 -ebte a afte 09 pote 12 pol 10 =f 


A | | 10.2 | 13.6 11.33 | | 12.1 12.1 [ 11.05 | 12.1 12.1 


8 12.0 10.2 13.6 11.33 12.0 12.0 11.05 12.0 
Cc 11.8 11.8 10.2 13.6 11.33 11.8 11.8 11.05 
D 11.05 13.1 13.1 10.2 13.6 11.33 13.1 13.1 
E 12.3 11.05 12.3 12.3 10.2 13.6 11.33 12.3 | [- 
F 12.9 12.9 11.05 12.9 12.9 10.2 13.6 11.33 
G 11.33 13.0 13.0 at 11.05 13.0 13.0 10.2 13.6 
H 13.6 11.33 12.8 12.8 11.05 12.8 12.8 10.2 


————— sD 
Signal Frequency in KHz 


Figure 3.1-2 Omega Signal Transmission Format 


The last feature makes it possible to synchronize a receiver to the format in the stand-alone mode 
of operation. For example, if a user determines that a 10.2 kHz transmission segment (repeated every 
10 seconds) is 1.2 seconds in duration, then, according to Fig. 3.1-2, the transmitting station could be 
either Station D (North Dakota) or Station G (Australia). However, a measurement of the duration of the 
succeeding transmission segment at a frequency of 13.6 kHz would discriminate between Station D 
(1.1 seconds) and Station G (1.0 second). 


At any given common frequency, Omega signals from each station are time-synchronized to 
each other to within an accuracy of about two microseconds. Moreover, the stations are also synchro- 
nized to within 1 to 2 microseconds of the UTC epoch (a specific time marker). Time-sytichronization at 
each station is measured with respect to the station epoch, the point in time (repeated every 30 seconds) at 
which all station signal frequencies are aligned and the signal at the antenna is zero with the signal level 
(voltage) increasing positively. Thus, the Omega epochs at all stations have an average value (the mean 
system time) that is within 1 to 2 microseconds of the UTC epoch and a scatter of less than 2 micro- 
seconds. On a scale of seconds, however, Omega and UTC time formats significantly differ due to the 
injection of “leap” seconds. At 0000 UT on 1 January 1972, the Omega and UTC scales were identical 
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(on the scale of seconds). Since that time, however, leap seconds have been introduced into the UTC 
time scale on a nearly annual basis, while Omega does not include such leap seconds due to substantial 
coordination and procedural difficulties. Thus, as of 31 December 1993, Omega time leads UTC by 
18 seconds. 


At each station, the electronics equipment and supporting structures are usually described in 
terms of four major subsystems: 


e Timing and control 
e Transmitter 
e Antenna tuning 


e Antenna structure. 


The timing and control subsystem is the “master” equipment group at the station since it provides the 
input signal at a precisely controlled frequency and phase. Control circuitry in this subsystem also gov- 
erns the operation of equipment in other subsystems. The transmitter subsystem is responsible for signal 
amplification necessary to achieve worldwide coverage. The function of the antenna tuning subsystem 
is to efficiently match the amplified signal level/frequency with the antenna system impedance on a real- 
time basis. The antenna structure itself is designed to efficiently launch the signal into the earth- 
ionosphere waveguide. 


Maintaining the operation of a full-time continuously operating navigation system within opera- 
tional specifications is critically important and challenging. Wherever possible, redundancy has been 
incorporated into the station equipment design to mitigate critical component failures. Component 
replacement schedules are followed to minimize sudden failures. Maintenance requiring station off-air 
is planned well in advance during specific months to minimize coverage and availability deficiencies. 


Section 3.2 presents the operating principles and guidelines followed by ONSCEN and the part- 
ner nations in their mission to operate and maintain the Omega stations and system. Much of the 
information in this section is obtained from Ref. 1. Signal specifications are given in Section 3.3 anda 
description of the four major equipment subsystems at each station is found in Section 3.4. Finally, a 
discussion of the fields in the vicinity of the station antennas, together with the antenna currents, limiting 
voltages and power levels, and pulse waveforms are presented in Section 3.5. 





3.2 SYSTEM OPERATING POLICY AND PROCEDURES 


3.2.1. Omega System Operating Policy 


The Omega navigation system transmitting stations radiate phase-synchronized very low fre- 
quency (VLF) radio signals from eight stations that are more or less uniformly spaced over the surface of 
the globe. Under normal propagation conditions, the expected 95 percent radial two-dimensional posi- 
tion accuracy for a receiver with no previous estimate of location (but with knowledge of proper lane) is 
3.6 km. for mostly daytime paths and 7.2 km for mostly nighttime paths. The system is intended to pro- 
vide a 95 percent system availability, i.e., a probability of 0.95 that a user at any worldwide location and 
time can, with his properly functioning receiver, process three or more usable Omega signals to achieve 
successful navigation. 


In terms of operating elements, the Omega system is composed of the eight transmitting stations, 
together with operating and support agencies of the partner nations, the Japan Maritime Safety Agency 
(JMSA), and the United States Coast Guard Omega Navigation System Center (ONSCEN). A represen- 
tative from each operating agency is a member of the International Omega Technical Commission 
(IOTC), an advisory body that establishes and coordinates operating policy. 


Under the direction of the Chief, Office of Navigation Safety and Waterway Services, U.S. Coast 
Guard Headquarters, the Commanding Officer, ONSCEN, is responsible for operational control of the 
Omega system. As the control element for Omega operations, ONSCEN issues directives and approves 
requests regarding operational status. Three of the most important operational functions exercised by 
ONSCEN are: 


e Approval of specific off-air maintenance periods 


e Calculating weekly synchronization data in parallel with MSA to ensure data 
integrity 


e Issuing routine Omega status advisories and initiating navigational warnings due 
to external events that may adversely affect Omega navigation. 


Station off-air requests usually concern specific dates for a station’s annual maintenance and are made 
well in advance of the off-air time. Less frequent, but more urgent requests for station off-air stem from 
failure or imminent failure of one or more equipment items that require repair and replacement within a 
few hours to a few days. The back-up computation of synchronization corrections by ONSCEN is 
important in ensuring system accuracy/integrity (see Chapter 7). Advisories are issued for a station’s 
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emergency scheduled off-air following approval of the off-air request. Warnings of polar cap distur- 
bances (PCDs), which are detected by the station monitors and directly affect signal phase on transpolar 
paths, are broadcast through standard dissemination channels. Other operational functions performed 
by ONSCEN that are important but less urgent include: 


e Monitoring overall system performance 


e Acquiring, processing, and analyzing Omega signal data from a network of moni- 
tors and airborne data collection platforms 


e Performing system maintenance engineering facility functions for Omega electronic 
equipment 

e Coordinating logistic support for Omega stations 

e Providing annual Omega training for station personnel 


e Consulting with other national and international agencies on Omega activities of 
mutual interest 


e Maintaining liaison with Omega equipment manufacturers. 


Signal monitoring and data acquisition/analysis activities are crucial to the continuing evaluation of system 
performance (see Chapter 8). The annual training function performed by ONSCEN refers to a multi-week 
course on station operation and maintenance given at ONSCEN for selected personnel from each station. 
The last bullet listed refers primarily to ONSCEN’s dissemination of new propagation correction (PPC) 
models or coverage information to receiver manufacturers and the subsequent feedback from them 
regarding the information’s utility and accuracy. 


3.2.2 Omega System Partner Nations 

The Omega navigation system operates as an international partnership by a group of nations 
whose members benefit from Omega as a safe and reliable means of global navigation. Each station is 
staffed and operated by the country in which it is located, referred to as the partner nation. The operation 
and administration of the system is governed by a series of bilateral diplomatic agreements between each 
of the partner nations and the United States. Each agreement specifies the mutual responsibilities of the 
partner nation and the United States, including the degree of material, technical, and financial support 
required. Appended to the diplomatic agreements are technical agreements containing the technical and 
administrative details of station operations. 


Each station is responsible for continuous transmission and monitoring of radiated Omega sig- 
nals as specified in the Operations Bill (see Appendix G). A constant watchis maintained by each station 
to detect signal errors or propagation anomalies and insure proper operation. Each station provides 
on-the-job training to ensure qualified personnel and properly operating equipment. 
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Each partner nation is responsible for staffing, operation, and management of its transmitting 
station as specified in the bilateral agreement with the United States. This responsibility is carried out by 
an operating agency designated by the government of the partner nation. Additional coordination and 
support may be required from other agencies within the partner nation government. The operating 
agency normally acts as the partner nation’s focal point for Omega matters. Table 3.2-1 lists the operat- 


ing agencies associated with the eight stations. 


Table 3.2-1 Omega Transmitting Stations and Operating Agencies 


Norwegian Telecommunication Administration 
Liberian Ministry of Transportation, Commerce, and Industry 















Japanese Maritime Safety Agency 


C Hawaii (USA) U.S. Coast Guard 


In addition to operating Omega Station Japan, JMSA is responsible for synchronizing of the sig- 
nal phase from all stations. The synchronization process consists of determining the phase offsets and 
corrections and applying the corrections at each station. The phase offsets are determined from daily 
satellite timing measurements and reciprocal path phase measurements. This weekly data is indepen- 
dently processed by both JMSA and ONSCEN who verify each other’s results. JMSA issues the final 
corrections to the stations where they are implemented within a few hours of receipt. 


3.2.3 Station Operational Procedures 


Personnel at each transmitting station control the transmitted signal in terms of time, frequency, 
amplitude, and signal purity. The source signal (from the on-line cesium standard) is digitally processed 
to produce signals at the four common frequencies and one unique frequency according to the signal 
format assignment shown in Fig. 3.1-2. The signal time-frequency pattern for each station is given by 


the format assignment, and the signal amplitude is controlled so that the output radiated power is nomi- 
nally 10 kW (see Section 3.5). 








Each station maintains a 24-hour watch to ensure continuous, full-power transmission on each 
frequency at each time segment according to the Operations Bill (Appendix G). Training and frequent 
review of operational guidelines ensure that station personne] act to immediately restore signal transmis- 


sions following an equipment failure. 


Ateach station monitor receiver (see Section 3.3.2), the signal phase data received from remote 
Omega stations is referenced to the signal transmitted by the local station and the results are used for 
synchronization reporting and anomaly detection. Phase data to support system synchronization 
includes both 10.2 and 13.6 kHz measurements on specific paths (remote stations) and times (UT hours). 
This is necessary so that 10.2 and 13.6 kHz reciprocal path information can be derived and entered 
directly into the synchronization program (see Chapter 7). 


Received signal phase excursions from “normal” values exceeding 20 centicycles (cec) are 
immediately reported to ONSCEN since they may represent the onset of a polar cap disturbance (PCD; 
see Chapter 6). In this case, normal means the average of the phase data (path and hour) for the previous 
five days. The initial PCD report issued by the station includes the onset time, the path, and the current 
and reference phase values at 10.2 and 13.6 kHz. Following the initial PCD report, messages are sent to 
ONSCEN on a regular basis (same times as those used from synchronization data reporting) specifying 
the level (phase excursion) of the PCD. Remote data access (see Chapter 8) may also be used to monitor 
the PCD with much better time resolution. When all or nearly all PCD reports indicate excursions under 
20 cec, ONSCEN instructs all reporting stations to cease further reports. 


Table 3.2-2 shows the measurement times for synchronization data as well as for PCD reporting. 
Each measurement corresponds to a particular path-time in which the path is represented by a remote 
transmitting station and monitor receiver site, and the time is indicated by UT hour. All measurements 
are referenced to the time and phase at the station associated with the station monitor. In the case of 
Loran-C and GPS, the receivers are located in the Timing and Control Room at the station. The transmit- 
ting station codes are listed in the first column of the table and station monitor codes across the top. 
Measurement times (UT hours) for particular paths are indicated for the entire year or for designated 
monthly intervals. Path-times marked by a shaded cell indicate additional use for PCD reporting. As an 
example, the phase reading on the path from Station G (Australia) to ARGE2 (Argentina’s station moni- 
tor) is measured (both for synchronization and PCD reporting purposes) at 0900 UT between April 1 and 
September 30 and at 2100 UT from October | to March 31. Note that Loran-C measurements are made at 
only three stations, whereas GPS data is recorded at all stations. 
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Table3,2-2 Path-times for ee Measurements 


TRANEMITTING STATION MONIT On 





3.2.4 Station Maintenance 


The principal operational objective of the Omega Navigation System Center is lo ensure, to the 
fullest possible extent, the continuous on-air and properly funetioning status of all transmitting stations, 
Hustation must be off-itir, promptadvence not feation of the event ly the greatest possible number of 
users Isa pr aud ik The most moehus ck to AYE) hers OCCUrs ayisl We ntintionny mectTUle: dauiled 


particular inonth ah year fur maintenmce ¢ un nails Huintenance, 


Stutlon off-aly events are classified Into three yroups: 


© Unschedulea off-ilte 
@ Scheduled off-ale (short advance notice) 


e Annual maintenance off-al (ong advance notice). 

Unycheduled off-alr events tesul rom onfloreacen CHcunmtinegs—usdally equipment failure. 
"Vhveie tndlividtal ac cuieetn oe ay he considered tandom but compiled statistics Indicate character ston 
that ean be teed to dpdividual stutions (sce Chapter ED). Unscheduled off ales of tess than two minutes 


Gupaton are net dneluded do these abatiatics since they occue infrequently and most regerver tine 


ay 











constants are greater than one to two minutes so that they are “transparent” to the user. Because these 
events occur with either no warning or on extremely short notice to station personnel, no advance notifi- 
cation is given to system users. ONSCEN, however, is notified ax soun as possible of the unscheduled 
off-air occurrence, including the probable time for resumption of on-air. If the projected off-air duration 
is sufficiently long, an advisory is issued, Total unscheduled off-air for a month varies from tens of min- 
utes to several hours, depending on the station (Ref, 6). a 


Scheduled off-air events are, as the name implies, planned conditions under which a station 


component failure that will cause the station to go off-air for more than 30 minutes. These types of off- 
airs are distinguished from the longer-term annual maintenance off-airs that are not scheduled on the 


duration) to aystem Users although the aniount of advance notice may vary considerably, depending on 
the urgency of the work ty be done during the off-alr. Typical advance notice for these events varies from 
#10 10 days, though it can be shorter or longer, Total monthly scheduled off-nir durations vary froni 30 
Minutes to a few days, depending on the station (Ref, 6), 


A station's qanual maintenance activity involves off-alr periods having two main features: 
e ‘The off-alr period for maintenance and repair occurs in a specific, distinct month 
for cach station (ree Fig, 3,2-2) 


© The echeduled off-air period for annual station maintenance is planned well in 
advance so that system Users are generally given 1 to 2 months’ advance notice, 


repair projects can proceed Jn parallel during the off-alr, Staton personnel and contractors often work 
extra shifts during this period, although, when feasible, the station js sometimes brought on-alr during a 
slack period, ¢.g., local night. ‘The off-air period fur annual maintenance cannot exceed one month 
(walved only under very exceptional conditions) but the actual period is generally much shorter, slove 
stations are off-alr oniy as tong as equipment ur safety considerations dictate, For most years, annual 
Maintenance perods vary in duration froma few days to two weeks, Infrequent major projects, such ay 


of maintenance conttactors, operating agency budgeteyeles und cost ceilings, sighal coverage and avail 
ability Gee Chapter of Ref. 6), and annual Omega training. 
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G-13533 


Station 11-26-91 


Figure 3.2-1 Omega Station Annual Maintenance Months 
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July 
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November 
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Off-air statistics based on historical data (Ref. 7) have been compiled for use in calculating the 
system availability index by means of the Performance Assessment and Coverage Evaluation (PACE) 
decision support too) (see Chapter 1] and Appendix C), In the system availability model, unscheduled 
off-air events at a station are modeled as random events, independent of off-air events at other stations. 
Scheduled off-airs are also modeled as random events (in terms of event knowledge by a user at the 
beginning of a month) but are nof independent of scheduled off-air events at other stations, Because their 
occurrence time and duration are usually known at the beginning of a month, annual maintenance off-air 
periods are treated us deterministic (non-random) events in the system availability model (Ref, 6), In 
Chapter 6 of Ref, 6, an ulgorithm is described that determines the annual maintenance schedule that 
maximizes the overall system availability subject to the local station constraints (climatic conditions, 
ctc.) listed. 


3.30 SYSTEM PARAMETERS AND SPECIFICATIONS 


3.3.1 Signal Transmission Format Assignment 


The Omega signal dansmission pattern (Fig. 31-2) has a time/frequency mulliplex format in 


which a single frequency is transmitted by only one studion at any given segment Four common 








frequencies (10.2, 11.05, 1144, and 13.6 kHz) are transmitted by all stations and, in addition, each station 
transmits a unique frequency for a total of 12 frequencies transmitted by the system. Each station trans- 
mits eight pulses approximately one second in duration within a time frame of ten seconds. The pulse 
durations (or widths) in the pattern vary so that detection of two signals, each with its associated frequen- 
cy and pulse width uniquely determines the transmitting stations, thereby permitting receiver synchro- 
nization. A “guard” (or silent) time slot of 200 milliseconds (ms) sepa-ates each transmitted pulses. 


Figure 3.3-1 illustrates the signal frequency/time format in a slightly different way than 
Fig. 3.1-2. Note that each station transmits 10.2, 1114, and 13.6 kHz in cyclical order, followed by five 
transmission pulses, The first two and last two of these five pulses are at the station’s unique frequency, 
and the middle pulse is at 11.05 kHz. Both figures indicate how 10.2, 1114, and 13.6 kHz signals are shifted 
with respect to each other by one time segment. The 200 ms guard time ensures that any long path signal 
from the trailing edge of the pulse generated by a nearby station dies away before the station’s short-path 
signal from the leading edge of the next pulse begins. Note that the unique frequencies differ by aminimum 
of 100 Hz which corresponds to the front-end bandwidth of conventional Omega receivers, 


3.3.2 Locations of Transmitting Stutions and Station Monitors 


The eight Omega stations are located on the sovereign territory of seven nations, including the 
United States, Figure 3.1-1 shows the general locations of the stations on a world map. Note that the 
stations are distributed fairly uniformly over the globe. 


Table 3,1-1 lists the station locations and coordinates that are given with respect to the WGS-84 
datum. Antenna type/dimensions for each station are also listed since the antenna is the largest physical 
structure at an Omega station, Antenna structures are of three different types: 


e =Valley-span (Norway, Hawaii) 
e Insulated tower (North Dakota, Argentina, Japan) 


e Grounded tower (Liberia, a Reunion, Australia). 


The types of antenn: ‘tructures are listed in order of their technological evolution so that the valley-span 
is the carlicst antenna structure and grounded towers are the most recent. 


The monitor sites associated with cach transmitting station have important operational functions 
as noted in Section 3.2,3, The monitor site is equipped with a Magnavox MX1104-MS Omega monitor 
receiver system which includes an antenna, pre-amplifier, receiver/processor, recorder, and modem (see 
Chapter 8 for more details on the basic receiver), The: monitor data is transmitted via a data link to the 
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Omega System Frequency/Time Format 


Figure 3.3-1 


MX1104-LS unit for display at the station site. One of the most important functions of the monitors is 
collecting phase data used to compute station synchronization corrections (see Chapter 7). This phase 
data is also monitored (at the LS unit) to detect the onset of a PCD event for which navigational warnings are 
issued (Section 3.2.3). In the longer term, these monitors provide phase data for the global propagation 
correction (PPC) model and system performance evaluation using operational data analysis (see Chapter 8). 


Important parameters for the station monitors are given in Table 3.3-1. The table lists the five- 
digit monitor code, the ID number used in the data processing, and the calibration channel selected, i.e., 
the station for which no data is recorded. The last three columns include the monitor location (closest : 
Municipality and country) and two coordinates based on the WGS-84 spheroid. 2 eee 


Figure 3.3-2 is a photograph of the enclosure for the station monitor facility at Utskarpen, 
Norway. Also shown is the antenna which is external to the enclosure. 





3.3.3 Signal Specification 

The signals generated by an Omega transmitting station must be controlled in three principal 
domains: trequency, time, and signal quality. The signal transmission format depicted in Section 3.3.1 
specifics tie basic flequency/iime siruciure for ihe signals radiated by each station ang embodies the first 
signal specification: 
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_ Specification 1: The signals generated by each station shall be transmitted 
according to the time/frequency format given in Figure 3.3-1. 
This specification governs the coarse-scale structure of the signal, i.e., the required timing intervals are speci- 
fied only to about 100 milliseconds. The second specification refers to the behavior of the signal at the micro- 
second level and requires the introduction of additional concepts before it can be adequately described. 


At each station, the signal is synthesized from the 1 MHz output of a cesium standard that has an 
intrinsic stability of aout one part in 10!2, This means that, in terms of time, an initially correct cesium 
standard will be off by about 2.5 psec in a period of one month. In terms of frequency, the cesium devi- 
ates by only about 0.01 Hz (with respect to the cesium standard frequency) in a month. 


These ideas can be understood by noting that the signals generated by the station may be 


expressed as 


E =A sin(@wt + ¢) 










g=at 






Table 3.3-1 Station Monitor Locations and Other Data 


CODE CALIBRATION MONITOR STATION POSITION* 
DESIGNATION NUMBER CHANNEL LOCATION | Larmupe | ATITUDE CONGITUDE 
NORWY Utskarpen, 66. = 13.5502°E 
Norway? 
LIBER Monrovia 
Liberia** 


Wahiawa, 
Hawaii 

















10.8172°W 


146.6600°E 


6.3143°N 















21.5209°N 


















Dickey, 46.5596°N 


North Dakota 










20,9086°S 









E! Tehuelche,* 42,7533°S 


Argentina 








Carrajung, Victoria, 38.3355°S 


Australia 












34.3247°N 129.2064°E 





Ozaki, Tsushima 
Island, Japan 








* Coordinates based on WGS-84 spheroid. 

T Established June 1991. 

¥ Established September 1988. 

** Established at the American Ernbassy 24 February 1932. 






where A is the amplitude, w is the radian frequency, and @ is the phase. If = O represents the condition 
of perfect synchronization by the station, then at the end of one month, @ will be about 2.5 centicycles 
(cec). Deviations of the phase, @, associated with the cesium standard output are usually assumed to 
grow linearly in time, i.e., 


- where a is sometimes called the “drift” rate. Combining these two expressions gives 
E =A sin@t + at) = Asin((@ + a)r) 


Thus, a may also be considered a frequency bias, or, more commonly, an “offset.” At 10.2 kHz, the 
typical offset for a cesium standard is therefore 10~!2 cec/usec, or 10-8 Hz. 


Each station has three cesium standards in operation at all times. One of these is designated the 
on-line unit and the other two serve as backup units. Each cesium standard has a slightly different offset, 
or drift rate, so that over time, the phases of the three standards eventually diverge from each other. Sev- 
' eral procedures are followed to reduce this divergence: 


* Once each day, the phases of the back-up cesium standard outputs are aligned with 
the on-line cesium standard output; with the older timing and control equipment 
this procedure was known as “scoping” 


« Frequency correction values for each cesium standard output, computed by the 
weekly synchronization program and known as “ACCUM” values, are inserted 
every four hours to minimize the computed offsets 


* Cesium standards with large computed offsets (20.3 usec/day) undergo C-field 
adjustments, an off-line procedure which can sometimes be used to bring a standard 
back into specification. 


The first procedure ensures that the off-line cesium standard output phases never diverge too far from the 
on-line standard ouiput phase so that they can be immediately substituted, if the need arises. For exam- 
pic, ifthe maximum difference in the on-line/off-line standard offsets is 5x10~!3 cec/usec, then the max- 
imum phase variation between the on-line and off-line units over one day is about 0.05 cec (10.2 kHz). 
The second procedure actively seeks convergence of on-line and off-line phase outputs to a system aver- 
age (see Chapter 7). Typical ACCUM values are 0.01 to 0.05 usec so that daily corrections of 0.06 to 
0.30 psec result from this procedure. 


Omega epoch is defined as the regular occurtence of certain system “events” and is always 
implicitly characterized with respect to “true” time. For the purposes of Omega signal timing, true time 
is considered io be Coordinated Universal Time (UTC, often written as just UT), which is essentially 
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given by the output of the U.S. Naval Observatory Master Clock (USNO MC), Ata station, Omega 
epoch refers to the coincidence of the zero phase point of all radiated signals at 30-second intervals. The 
zero phase point is the point at which the instantaneous vertical electric field of the transmitted signal is 
zero (going from negative to positive values) at the center of the antenna system. 


_ To fix Omega epoch with respect to UTC (USNO MC), an initial Omega epochistakentobe = = — 
0000 UT on 01 January 1972, when Omega time was coincident with UTC, Since that time, on the scale 
of seconds, Omegaepoch has become earlier with respect to UTC so that the epoch of 0000 UT, 01 Janu- 
ary 1994 lags Omega epoch by 18 seconds due to the insertion of leap seconds* into the UTC time scale 
during some of the intervening years. This gradual divergence of Omega system time and UTC is illus- 
trated in Figure 3.3-3. On the scale of microseconds, however, Omega epoch is quite close to UTC, 


Through reciprocal path measurements and indirectly through the use of external system data, 
the Omega synchronization procedure attempts to align all the station epochs (which differ slightly with 
respect to UTC). This synchronization is necessary because all navigation algorithms assume the sta- 
tions’ signals are radiated with precisely the same time/phase relationship. Omega system time is the 


UTC - Omega System Time 
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Figure 3.3-3. Divergence of Omega System Time and UT™ Due 


to the Injection of UTC Leap Seconds 







* Leap seconds are introduced at roughly 18-month intervals to account for the nou-uniformity of 
the carth’s rotation about its axis as measured with respect to atomic-referenced time (Ref. 9), 
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average of all the station epochs, measured with respect to true time. System-internal synchronization is 
achieved if all station epochs coincide with Omega system time. This leads to the following specification: 


Specification 2: The epoch of each station shall not differ from Omega 
system time by a magnitude of more than 2.0 psec, 95% of the time. 

Ideally, the synchronization procedure is also designed to align Omega system time with UTC 
(USNO MC) at the microsecond levei. Thus, if completely synchronized on an external basis, Omega 
standard time would lead UTC by 18.000000 seconds (as of 01 January 1994). This is achieved through 
the use of external system data (e.g., Loran-C and GPS) measured with respect to the cesium reference at 
each station. The alignment of Or:ega system time with UTC supports the increasing use of integrated 
or interoperable receiving systems which rely on a UTC time base (see Chapter 12), Thus, the need for 
external synchronization results in the following specification: 


Specification 3: Omega system time shall not differ from the UTC epoch 
(at the microsecond level) by a magnitude of more than 1,0 psec, 95% of the time. 
Current usage indicates that, under normal operation, Omega system time is within 0.5 usec of UTC 
(Ref, 3). 


When it reaches the antenna, the source signal, which has been digitally processed and amplified, 
becomes less precisely defined (in frequency and time). Since the antenna is electrically short 
(compared to a half-wave dipole) and the grounding system has finite conductivity, the signal is radiated 
into the far field with only about 10 percent efficiency. At the beginning of a pulse segment, the signal is 
energized over a period of 5 to 40 milliseconds, which requires an average radiated signal bandwidth of 
about 30 Hz (see Section 3.5). The antenna tuning system implements a feedback control procedure 
which controls the zero phase point at the antenna by shifting the excitation drive to the transmitter (see 
Section 3.4.3). This control is governed by the following specification on the radiated signal: 


Specification 4: The radiated phase of each Omega signal shall be controlled so that 
the phase error, when averaged over one minute, is less than one degree. 


In this specification, the phase error refers to the feedback control loop error. The one-minute phase 


error averaging is included in the specification in recognition of the fact that most receivers have time 


constants of greater than 1 to 2 minutes, so that phase excursions (with zero mean) within a one-minute 
period have no navigational effect. 
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3.4 MAJOR SUBSYSTEMS 


As the source of the signals detected and utilized by all Omega receiver systems, the eight Omeg. 
transmitting stations represent the core of the Omega system. As noted earlier, the electronics and 
mechanical equipment used at each station are virtually the same; the stations are primarily differen- 
tiated by their antennas and locations. = 


The equipment at each station is generally described as belonging to one of four functional 
groups or subsystems: 


e Timing and control 
e Transmitter 

e Antenna tuning 

e = Antenna structure. 


A functional diagram of these subsystems and some of their important interrelationships is shown in 
Figure 3.4-1. The primary functions of these subsystems are briefly described in Sections 3.4.1 through 
3.4.4. More detailed information can be found in Reference 8. 


3.4.1 Timing and Control Subsystem 


The principal functions of the Timing and Control subsystem are signal generation and phase 
control as portrayed in Figure 3.4-2a. A photograph of the rack-mounted Timing and Control subsystem 
equipment is shown in Figure 3.4-2b. The signal source is a precision cesium beam frequency standard 
of 9.193 GHz with a stability of 1 to 5 parts in 10!2. Three cesium standards are used for frequency drift 
comparison and control, and are maintained as reserves in the event of failure of the on-line standard. 
The on-line cesium standard controls the frequency of a5 MHz crystal oscillator whose output signal is 
frequency-divided to form a 1 MHz signal, The 1 MHz output is used to synthesize the reference carrier 
signals and generate keying pulses which define the time/frequency format. The carriez signals include 
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Figure 3.4-1_ Major Functional Subsystems for Transmitting Station 
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b) Timing and Control Subsystem Equipment at the Norway Transmitting Station 
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Figure 3.4-2 Timing and Control Subsystem 
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the four common frequencies at 10.2, 13.6, 1114, and 11.05 kHz in addition to the station-unique fre- 
quency. Phase control is maintained by comparing the phase of the reference carrier signal to the phase 
of the signal fed back from the antenna tuning subsystem. The signal phase is advanced or retarded to 
ensure that its phasing at the antenna coincides with the appropriate UTC epoch. The carrier signals 
output from the phase control circuitry are gated into the transmitter subsystem in the proper sequence/ 
time interval by standard-length keying pulses developed during the format generation process. Also 
produced by the format generation are long keying pulses that precede and follow the standard keying 
pulses by 100 ms. These pulses are relayed to the Antenna Tuning subsystem to allow sufficient time for 
mechanical switching prior to the transmission of the keyed carrier frequency signal at that stage. 


In terms of replacement precedence for the on-line cesium standard, one of the reserve standards 
(and its 1 MHz output) is denoted as the primary back-up and the other as the secondary back-up. As 
noted in Section 3.3.3, the 1 MHz outputs of the back-up standards are aligned with the on-line standard 
1 MHz output once each day. These so-called “scoping” times are listed in Table 3.4-1.* 


Table 3.4-1_ Daily ACCUM Insertion and Scoping Times 
UT HOUR* 


yO at eas | a Tosi ef ar Yo | Ui | naa ne 00 aa beanie 
AMA TF de SIO of e180 fa sa ee ee 


STATION 


Ge ate tee Ts 
fH] TT feet | fT fast TT fest Tf fa | 


* Foreach entry, the number refers to a measurement 16 (46) minutes after the hour at the top of the column. ACCUM insertion 
times occur at all indicated times; scoping times are designed by a shaded entry. 





3.4.2 Transmitter Subsystem 
The Transmitter subsystem consists of those devices that amplify the signal generated in the 
Timing and Control subsystem (Figure 3.4-3), Figure 3.4-3b is a photograph of the bank of transmitter 
subsystem equipment. As shown schematically in Figure 3.4-3a, the carrier frequency signal from the 
Timing and Control subsystem is first raised to a level of 160 V RMS by the input amplifier. The driver 
*New Timing and Control Subsystem equipment being installed (May 1994) at the stations includes 
the Omega Signal Generator (OMSGEN) and the Omega Signal Controller (OMSCON). Instead of 
using the oscilloscope method, alignment of the back-up clock units to the on-line units is now made 


by inserting the difference in the OMSGENS into the OMSCON. All information regarding these dif- 
ferences is transmitted to the other subsystem units via a communication ring. 
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Figure 3.4-3. Transmitter Subsystem 








amplifier further raises the signal level to a nominal 520 volts RMS and the final amplification is per- 
formed by the power amplifier which boosts the signal voltage and current to a peak power of 150 kW. 
Following this final amplification stage, the signal is fed to the Antenna Tuning subsystem. 


For purposes of redundancy, two transmitters are located at each station. The non-operational 
transmitter is always in standby mode and can be rapidly switched on-line if needed. The standby trans- 
Mitter can be energized for testing by directing its output to a “dummy load.” Transmission into the 
dumnny load is also sometimes used for maintenance purposes. To prevent arcing, the transmission line 
connecting the output of the transmitter to the antenna tuning subsystem is sealed and dehydrated 
(N> gas is used if the dehydrator fails}. The transmitter uses 480 V three-phase electric power. 


3.4.3. Antenna Tuning Subsystem 


Figure 3.4-4 illustrates the functional stages of the Antenna Tuning subsystem. This subsystem 
is designed to tune the antenna at the carrier signal frequency by inductively matching the antenna to the 
input circuit. This ensures the maximum effective radiated power at the antenna for a given input signal 
power. The output signal from the Transmitter subsystein is taken from the secondary coil of the antenna 
matching transformer. The grounded side of the secondary is connected through a current transformer to 
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provide the antenna current reference signal used for phase control in the Timing and Control subsystem. 
The output of the current transformer is also passec to the antenna tuning control module. Based on the 
long keying pulses from the Timing and Control subsystem and the current samples received from the 
current transformer, the antenna tuning control first implements fine inductive tuning through the 
variometers. 


The input to the antenna tuning control comes from the ground side of the secondary coil that is 
directly connected to the ground “mat,” a collection of buried cables extending over a large area under- 
neath the antenna (Ref. 3). Since the ground current varies as the effective antenna inductance changes 
(e.g., due to the effect of winds, temperature, or humidity on the antenna structure), this sigr .acts as an 
external feedback in controlling the variometers. 


The five variometers (plus one spare) are essentially adjustable induction coils, each of which is 
assigned to one of the keyed carrier frequency signals (see Fig. 3.4-4 and Fig. 3.4-5a). The antenna tun- 
ing control signal activates a mechanical drive that moves the variometer coil to the appropriate position 
for matching inductance. The long keying pulses activate antenna relays (through a power supply), 
which connect the appropriate variometer into the main antenna circuit. At the onset of the long keying 
pulses for the unique frequencies, all variometers (i.e., for all frequencies) are “gang-tuned” to minimize 
the drive motion required to tune each variometer. Each variometer, in turn, is fine-tuned during the 
period it is being used for transmission, 


‘The RF signal is then transferred to the “helix,” a large helical coil which acts as a coarse tuning 
device for the antenna. The helix is equipped with separate taps for each signal frequency transmitted. 
Since the lower frequencies require greater inductance (fur impedance matching), the 10.2 kHz tap is at 
the bottcm of the helix (see the photograph of the 10.2 kHz tap and the lower part of the helix in 
Fig. 3.4-5b), so that the signal inductance is generated for the entire helix; the higher frequency taps are 
therefore at higher positions. Finally, the RF signal is conducted to the antenna structure itself from 
which the signal is radiated. 


3.4.4 Antenna Structure 

As meritioned in Section 3.3.2, the structural feature that most differentiates Omega stations is 
the antenna structure. Two basic desigas are utilized: tower and valley span. The tower antennas are 
further categorized in terms of grounded and insulated types. The three basic antenna design/types are 
illustrated in Fig. 3.4-6. 


The valley-span antenna is a suspended cable system that advantageous!y uses the topography of 
a natural formation, such as a deep valley, fjord, or volcanic: crater. One or more antenna cables strung 
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b) Lower Part of Helix Showing Fixed Frequency Tap Providing Coarse Inductive Tuning 


Figure 3.4-5 Fine and Coarse Signal Tuning Equipment 
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Figure 3.4-6 The Three Primary Types of Omega Antennas 
across the open part of the formation are anchored on the surrounding ridges. Tue spans are connected by 


jumper wires and fed down through a downlead cage to the building housing the helix. A counter- 
weighted pulloff cable system permits extension of the downlead under high wind conditions. A ground 


system, composed of buried conducting cables, extends outward from undereath the helix building. 
The density and length of the ground wires deperid on the soil conductivity of the site. Figure 3.4-7 
shows a mock-up of the Norway station’s valley span antenna system. The two downleads are at the 
lowcr left in the figure and are pulled off to the left by the counterweight system. The two main spans are 
attached by anchors on both sides of the fjord. 











Figure 3.4-7 Mock-up of Valley Span Antenna System at the 
Norway Transmitting Station 


A tower, or top-loaded monopole. is a vertically mounted structure supported by anumber of guy 
wires. An insulated tower is isolated from the ground at the tower base by a large base insulator. Top- 
loading (i.e., creating additional capacitance between the top of the antenna and the ground) of the anten- 
na is achieved by using cables electrically connected to the top of the tower. These cables (known as 
top-loading radials) are mechanically connected through insulators to secondary guy wires that provide 
support from the ground. Power is gcnerally fed to the tower at a point directly above the base insulator. 
The antenna current flows up the structure and into the top-loading radials. A photograph of an insulated 
tower (at the Japan station) is shown in Fig. 3.4-8. The tower is so tall that some supporting guys are 
anchored on separate islands surrounding the main mast. 


A grounded tower has a similar configuration except that it has no base insulator so that the tower 
structure itself is grounded. Top-loading radials are insulated at each end, joined together at the top. and 
are fed with a downlead extending from one of the radials to the helix. To achieve the same performance 


as the insulaied tower antenna, the grounded tower antenna must be about 15 percenttaller. Figure 3.4-9 


is a photegraph of a grounded tower antenna systein at the La Reunion iransmitting station. 











Figure 3.4-8 Insulated Tower Antenna System at the Japan Transmitting Siation 
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RADIATED SIGNAL DATA 


The signal structure in the vicinity of the station antenna is quite different chan that for most 
receivers which sense the radiated fieid of the transmutted signal. The compiexity of the signal near the 
station/antenna arises both from the signal itself. which contains many modes of approximately equai 
Strength (see Chapter 5}, as well as tne local elements of the antenna structure, grounding sysiem, and 


terrain CONdUCUVILY. 


3.5.1 Components of the Near-field Signal 

To understand the signai behavior in the proximity of the stauon antenna, it is helpful io considera 
simple inode! of the signal generation process (see References + and 33, Consider a vertical monopole 
anienna (equivaient ic “nalf of a center-fed dipole anienna) in which charge oscillates between tne ground 
and the top of the antenna. The fact that Omega antennas are short compared io the signal wavelength ieads 


to a relatively simpie eapiession for ine felds outside the immediate vicinity of the antenna. ie.. 
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Figure 3.4.9 Grounded Tower Antenna System at the La Reunion Transmitting Station 


where J is the magnitude of the antenna current, h, is the effective antenna height, w is the radian frequency, 
kis the wave number (21/i, where A = signal wavelength), tis the time, 7 is the distance of the receiver 
from the antenna on the (assumed flat) earth, and Z is the unit vector pointing vertically upward. From 
this expression, the total signal field may be considered tc be the sum of three component fields which 
are given as follows (in the same order as the terms in the parentheses in Eq. 3.5-1): 


(1) Radiation field — varies as l/r 
(2) Induction field — varies as 1/r? 
(3) Electrostatic field — varies as 1/° 


The appearance of the / in the induction field term in Eq. 3.5-1 means that the phase of this field is shifted 
by 2/2 radians or 90° (since i = e!/2) with respect to the other fields. 


The electrostatic field is the strongest component at distances from the antenna up to about 1/k, 
e.g., about 5 km at 10.2 kHz. For longer ranges, the radiation and inductive fields dominate the 
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clectro-static field. At ranges greater than about 50 km, the radiation field is the only remaining signifi- 
cant component of the total signal field. The radiation field is, of course, the signal component required 
for navigation and all other uses of the Omega signal. 


At the station monitors, which are located at ranges between 17 and 40 km from the transmitting 
antenna, the radiation field is dominant but the induction field introduces a perturbation which cannot be 
ignored for certain applications. Use of Eq. 3.5-1 and a simple phasor medel show that the variation of 
the total signal field phase from the radiated signal field phase, dg (due to the small but finite induction 
and elecirostatic fields), is given by 


kr 
t So ee 2 
an dg yh] (3.5-2) 


where k and ra + defined in connection with Eq. 3.5-1. Figure 3.5-1 shows several aspects of Omega 
signal phase behavior in the near field. The upper left panel shows the total signal phase delay as a func- 
tion of distance from the transmitting station for 10.2, 114, and 13.6 kHz. The total signal phase delay is 
composed of the nominal phase, kr (appearing in Eq. 3.5-1), and the variation d¢, given by Eq. 3.5-2. In 
the near field, the wave number, k, is often assumed to have its free-space value, i.e., ko = w/c, and the 
resulting phase, kyr, is called the free-space phase. The remaining three panels show the variation of the 
total phase from the free-space phase for 10.2, 1114, and 13.6 kHz. In each panel, the predicted value, 
i.c., Op + (k-kg)r, is shown as a solid curve, while the measured values are indicated by small circles. 
Although sumewhat lower than the predictions, most of the measurements, which are from the North 
Dakota transmitting station (Ref, 3), gencrally corroborate the tneory. 


3.5.2 Near-field and Antenna Parameters 


The effective antenaa height, h,, appearing in Eq. 3.5-1, is determined by measuring the vertical 
component of the electric field amplitude, IEI, at several ranges from the transmitting antenna where the 
radiated field is effectively the sole contributor to the total field. For these cases, the magnitude of 
ig. 3.5-] may be written 


Expressed in dB, F; is linearly related to log 7, so that several measurements can be fit to a straight line 
whose slope can be used to determine hy. 
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Figure 3.5-1_ Signal Phase Behavior in the Near Field 


With knowledge of the effective height, a quantity known as the radiation resistance can be cal- 
culated. Conceptually, the radiation resistance is the effective resistance associated with the antenna 
current that yields the effective radiated power. This resistance thus does not include those resistive ele- 


ments that carry the input energy away as heat losses or other field components. From Reference 4, the 
radiation resistance (in ohms) for electrically short antennas is given as 


2 
R, = 4 ss 1607( 5) phe < 0.1A (3.5-3) 


where P, is the effective radiated power (in watts). Note that this expression is valid for the Omega 
station antennas where, typically, he = 0.014. 


Table 3.5-1 lists some of the important parameters associated with the station antennas. Note that 
the effective height is substantially shorter than the physical height listed in Table 3.1-1. The effective 
height generally increases slowly with frequency, and from Eq. 3.5-3, the radiation resistance increases 
more rapidly with frequency. In general, a larger effective antenna height means the antenna radiates 
more efficiently, and a greater effective radiated power is normally obtained. 


Table 3.5-1 Measured and Derived Station Antenna Parameters 


RADIATION | ANT. SYST. | ANTENNA BASE 
1 STATION ey EGE Gn RESISTANCE | RESISTANCE | CAPACITANCE | REACTANCE 
4 (ohms) (ohms) (uF) (ohms) 


Dakota 
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The antenna system resistance is a measured quantity that i:aclua.s the real part of the impedance in 
the antenna tuning system and includes the ground resistance. The measured capacitance of the antenna is 
associated primarily with the potential difference between the ground and the “top-hat’’ elements across the 
insulators. The capacitance, C, generally increases with frequency since the effective antenna area 
increases with decreasing wavelength. The base reactance (capacitive) is computed as 1/(wC). 


3.5.3. Station Antenna Parameters 


Table 3.5-2 lists the nominal and limiting antenna currents for each transmitted signal frequency 
at each station. The third column gives the antenna current (in Amperes) necessary to achieve the nomi- 
nal 10 kW radiated power, i.e., 


10kW. 
R; 


where R, is the radiation resistance in ohms (see Table 3.5-1). This nominal antenna current is the target 
value the stations attempt to maintain during normal operation. 


As the antenna current is increased, two electrical characteristics of the station limit its value. 
The first limitation is the transmitter output which cannot exceed 150 kW (see Section 3.4.2). The 
second restriction is on the base voltage, i.e., the potential difference between the exit bushing feedline 
and the ground. A base voltage exceeding 250 kV can lead to corona discharge and arc-over at the exit 
bushing, thus leading to radiated power loss and component damage. The fourth column of Table 3.5-2 
shows the maximum antenna current that can be achieved based on the 150 kW transmitter output power 
limitation, which is calculated as 


0.975 /150kW 
Ras 


where Rg, is the antenna system resistance in ohms (see Table 3.5-1). The factor of 0.975 accounts fora 
portion of the current shunted to ground through capacitive coupling at the helix bushing, leading from 
the antenna tuning system (with resistance R,,) to the antenna structure (Ref. 3). The fifth column in 
Table 3.5-2 gives the maximum antenna current that can be obtained without exceeding the 250 kV base 
voltage limitation and is calculated as 


250kV 
097s ( G ) 
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Table 3.5-2 Limits on Ouiput Parameters and Antenna Bandwidths 


ANTENNA CURRENT (AMPERES) 
MAXIMUM 
STATION 


FREQUENCY OUTPUT BASE BACIATED BANDWIDTH | 
NOMINAL 
(kHz) (P,=10kW) POWER VOLTAGE | POWER (kW) (Hz) 
Norway 


LIMITED LIMITED 
North 
Dakota 


Australia 





* Limited by 150 kW output power ** Limited by 250 kV base voltage 


where Xj, is the base reactance in ohms (see Table 3.5-1). The factor of 0.975 again accounts for the helix 
exit bushing current losses, The radiated power corresponding to the maximum allowed antenna current 


is listed in sixth column in Table 3.5-2. Notice that the maximum allowed antenna current is actually the 
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minimum of the values in columns four and five, i.e., the antenna current is limited by the most restrictive 
of the two criteria, A single asterisk attached to the entry indicates that the maximum radiated power 
(/?R, ; R, = radiation resistance) is computed based on the maximum antenna current (J) resulting from 
the output power limitation. Two asterisks signify the base voltage limitation, Note that all but two sta- 
tions have maximum output power (for most of the transmitted frequencies) which is limited by the max- 
imum station transmitter output. Exceptions are North Dakota and Argentina which have (at most or all 

of the frequencies) high base reactances. _ aoe tt 


The last two columns of Table 3.5-2 provide information on the envelope of pulse waveform 
‘transmitted approximately once per second. Figure 3.5-2 shows the trace of the envelope of the pulse 
rise and decay for the 111/3 kHz signal from the North Dakota transmitting station as captured on an 
oscilloscope. The pulse rise and decay time profile is exponential in form so that the rise time is defined 
as the time required for the pulse envelope to reach 1-e7! (i.e., about 63%) of its maximum value. The 
antenna bandwidth associated with the measured rise times is shown in the last column of Table 3.5-2. 
The bandwidth is computed by assuming the process has an exponential envelope with rise time; in this 
case it can be shown that the 3 dB bandwidth is 1/(mr). The bandwidths vary from 13.8 Hz for North 
Dakota (10.2 kHz) to 79.6 Hz for Norway (13.6 kHz). Bandwidth “resistors” (connected in parallel) 
were once installed (and later removed) at the North Dakota and Argentina stations (insulated towers) to 
effectively widen the antenna bandwidth by shortening the rise time. These were installed in response to 
users exploring pulse time-of-arrival techniques as a means of eliminating lane ambiguity. 
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Figure 3.5-2 Pulse Rise (a) and Decay (b) of the 11!/; kHz Signal 
from the North Dakota Transmitting Station 
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3.6 PROBLEMS 


3.6.1 Sample Problem 


1. Equation 3.5-2 may be used to find the phase error (radiated field phase — total signal field 
phase) accounting for both the inductive field and the electrostatic field. avy Ss 


. a What is the corresponding expression if only the perturbation due to the inductive Sipe a 
field is taken into account? 


b. The shortest station monitor range is about 17 km (Liberia). What is the error in 
' computing d¢ at 10.2 kHz for this station monitor if the electrostatic field is 
ignored? 


Solution: 


a. The electrostatic field corresponds to the last term in Eq. 3.5-1. If this term is 
ignored, the phase error results from the desired (radiated) signal (which varies as 
k/r) in quadrature with the inductive field (which varies as k/r?), so that 


tandd = ae = I/kr 


Note that this form is obtained from Eq. 3.5-2 in the limit of sufficiently long ranges 
so that kr >> 1. 


b. Fora 10.2 kHz signal at a range of 17 km, the free-space phase is 


= 2mX17km — ; 
kr 49 30118 km 3.6342 radians 


where we assumed the phase velocity is the same as the speed of light in a 
vacuum. With this value, Eq. 3.5-2 yields for a phase error: 


6¢ = 0.289 radian 
whereas the above expression (with no electrostatic field) gives 
6g = 0.269 radian 
The difference is about 0.020 radian or 0.3 cec (also about 0.3 psec). 


3.6.2 Problems to be Solved by Reader 


1. Which stations/frequencies have maximum radiated power levels that are limited by the 
250kV maximum base voltage requirement? In these cases, which antenna current is larg- 
er: the output power-limited current or the base voltage-limited current (see Table 3.5-2)? 
Why are the antenna currents for these limiting cases so much different than those at the 
other stations? 








2. Assume that the pulse envelope has a rise time profile given by 
S(t) = A(1—e7'*) 


where A is the pulse envelope amplitude after the antenna has been fully energized and t is 

the rise time defined in Section 3.5.3. Based on the data in Table 3.5-2, what is the time 

required for the 11 Y, kHz signal pulse envelope at the North Dakota station to attain 90% of 
__its maximum value (A). Compare with Fig. 3.5-2. 


3.7. ABBREVIATIONS/ACRONYMS 


A Norway transmitting station 

ACCUM Accumulative correction value inserted every 4 hours 
ARGE2 Argentina’s station monitor 

AUST$ Australia’s station monitor 

B Liberia transmitting station 

Cc Hawaii transmitting station 

cec Centicycle 

D North Dakota transmitting station 

E East (referring to coordinates); La Reunion (referring to transmitting stations) 
F Argentina transmitting station 

ft Foot 

G Australia transmitting station 

GHz Gigahertz (10° Hz) 

H Japan transmitting station 

HAWAI Hawaii’s station monitor 

Hz Hertz 

ID Identification 

IOTC International Omega Technical Commission 
JAPAN Japan’s station monitor 

JMSA Japanese Maritime Safety Agency 

kHz Kilohertz 
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km 
kW 
kV 
LIBER 


~™m 


MHz 

“ms 

MX 1104-LS 
MX 1104-MS 
N 

No 
NSDAK 
NORWY 
ONSCEN 
PACE 
PCD 
REUNI 
RF 

RMS 

S 

sec 

UT 

UTC 

Vv 

VLF 

W 
WGS-84 
psec 


uF 


Kilometer 


Kilowatt 
Kilovolt 


‘Liberia’s station monitor 
~ Meter 


Megahertz (10° Hz) 


~ millisecond (also abbreviated msec) 


Omega Monitor System (local site) 
Omega Monitor System (monitor site) 
North 

Molecular Nitrogen 

North Dakota’s station monitor 
Norway's station monitor 

Omega Navigation System Center 
Performance Assessment and Coverage Evaluation (workstation) 
Polar Cap Disturbance event 

La Reunion’s station monitor 
Radio frequency 
Root-mean-squared 

South 

seconds 

Shortened form of UTC 
Coordinated Universal Time 

Volt 

Very low frequency 

West 

1984 World Geodetic Spheroid 
microsecond 


microfarad 
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CHAPTER 4 


FUNDAMENTALS OF OMEGA NAVIGATION 
AND POSITION FIXING 


Chapter Overview — This chapter presents position determination using measurements 
of radiowave signal propagation, based on distance from known locations, namely 
transmitting station locations. Although the focus is on Omega, the fundamentals are 
applicable to all radionavigation systems. A brief general introduction io navigation 
and position fixing is provided in Section 4.1. Section 4.2 presents a general overview of 
the general principles of position determination, which are applicable to most radiona- 
vigation systems, including Omega. These fundamentals are approached from the 
graphical, or geometric, point of view to provide a visual understanding of the position 
determination process. Both range-range and hyperbolic techniques are introduced. 
The relationship between distance and Omega signal phase is developed in Section 4.3. 
The concept of Omega lanes and the process of lane determination are also introduced, 
in addition to the use of PPCs, which permit a relatively simple propagation model used 
for Omega navigation. Section 4.4 defines the navigation coordinates and introduces 
the position determination process as one of coordinate conversion. The popular least- 
squares algorithm, which is employed by most modern equipment, is developed and used 
to illustrate a generic formulation and implementation of a practical position determina- 
tion algorithm. The more common hybrid, or integrated systems, techniques involving 
Omega are presented in Section 4.5 and some of the most important issues associated 
with position accuracy are addressed in Section 4.6. Problems are contained in Sec- 
tion 4.7, abbreviations/acronyms are defined in Section 4.8 and the chapter references 
are identified in Section 4.9, 


41 INTRODUCTION 


Navigation is the process of directing the movement of a craft from one location to another 
(Ref. 1). The craft can be any vehicle capable of purposeful motion. Navigation of aslow-moving craft 
typically involves answering the question, “Where am I?” At higher speeds encountered with aircraft, 
the questions may include, “Which way, and how far?” Although this process involves position, direc- 
tion, time and speed, pusiticn is the most fundamental output of all navigation systems. Classically, 
position determination schemes have been classified (Ref. 1) as either position fixing or dead reckoning. 
Position fixing is the determination of the craft’s ]ocation, relative to a specified coordinate or reference 
System, without reference to any former position of the craft. This contrasts with dead reckoning, which 
is the process of extrapulating a known position of the craft to some future position using measurements 
of direction of motion and distance traveled. 











These classical definitions are often blurred by modern navigation equipment that generally 
integrates these two schemes, dead reckoning forming the basis for navigation, and position fixing being 
used to update the indicated position. If position fixes are only available infrequently, then dead reckon- 
ing is used between fixes to determine the position of the craft. On the other hand, dead reckoning is not 
necessary if nearly continuous position fixes are available or if it is not necessary to know the craft 
position between fixes. 


The Omega system (Fig. 4.1-1) consists of eight transmitting stations strategically located 
around the world. Transmitting stations broadcast omnidirectional continuous wave signals, which are 
time multiplexed at 12 frequencies (see Chapter 3) in the VLF band: four common frequencies and a 
unique frequency for each station. An Omega receiver processes the phase of the received signals, at one 
or more of the frequencies, from two or more stations to determine the receiving antenna position in 
terms of latitude and longitude on the earth. The process of transforming the measurements of Omega 
signals into indicated position is the focus of this chapter. Understanding this process is not difficult 
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once several fundamental concepts are understood. Each concept is introduced and explained in this 
chapter using basic terms and examples. These fundamentals are then used to develop a navigation algo- 
rithm that is typical of most modern receiving equipment. Specific algorithms used by actual equipment 
are not provided since they are generally considered to be proprietary to the manufacturer. 


Position accuracy is the fundamental measure of navigation system performance and is defined as 
~ the difference, or error, between the true position of the craft and the position indicated by the navigation 
equipment. In anideal world without noise and withno Omega signal propagation or measurementerrors, 
assuming that the navigation algorithms are correct, no position error would occur, In the real world, 
however, numerous error sources contribute to system navigation error. Some of the errors can be con- 
trolled or their contribution to navigation error can be reduced to acceptable levels through mathematical 
algorithms and operational procedures. Other errors are simply a fact of the real world and serve to define 
the capability and accuracy of the Omega system. It is important to understand the source of these errors 
and their impact on both the formulation of the navigation algorithms and the resulting navigation error. 
Important sources of navigation error are introduced in this chapter along with the related concept of Geo- 
metric Dilution Of Precision (GDOP). GDOP is acommonly used figure of merit that characterizes the 
geometry-related position error caused by Omega signal phase measurement errors. 


Navigation with Omega using modern equipment is often accomplished with multiple sources of 
positioning information te produce an integrated navigation solution. For example, most airborne 
Omega equipment supplements the Omega system signals with signals from the Navy VLF communica- 
tions system. Most Omega navigation equipment can also use position information and velocity 
information from an independent source to initialize or aid the Omega navigation solution. Omega has 
also been integrated with inertial and satellite-based navigation systems to provide an integrated naviga- 
tion solution. Because all navigation sensors and systems have performance and operational limitations, 
the process of integration attempts to exploit the positive aspects of each sensor or system to provide the 
best navigation solution. Some of the most common example of integrated systems are introduced and 
discussed in Section 4.5. 


In this chapter, the primary focus is on providing a basic understanding of the process of position 
fixing using measurements of the distance (inferred from phase measurements), or change in distance 


from known locations like the lecation of Omega transmitting stations. Our goal is to develop a funda- 
mental understanding of how the position of a craft can be determined using signals provided by the 
Omega system. This is fundamental to understanding how Omega is used for navigation in either a 
stand-alone or integrated mode. 








4.2 BASIC PRINCIPLES 


4.2.1 Fundamentals of Direct Ranging Position Fixing 


Before getting into the specifics of position determination with Omega, it is instructive to review 
the fundamental principles of position fixing. All radionavigation systems, including Omega, depend on 
- measuring or inferring by some means the distance from a known location to the craft’s current position, 


Assume for the moment that the earth is flat and the locations of three points (T;, Tz and T3) are 
known on this flat earth. Further assume that we want to determine the position of the craft at point Ry. 
The geometry for this problem is illustrated in Fig. 4.2-1a. Assuming that there is some direct or indirect 
means for measuring the distance from T, to Rj, we can use this measurement to plot aconstant Line Of 
Position (LOP}), which in this case is acircle centered at T; (Fig. 4.2-1b). Position Rj is somewhere on 
LOP,, but a single (scalar) distance measurement is not sufficient to determine position in two dimen- 
sions. At least two independent measurements are necessary to locate the two-dimensional position of 
the craft. Assuming that a second measurement of the distance, from T2 to Ry, can be obtained, a second 
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L.OP can be plotted and is shown as LOP? in Fig. 4.2-1c. Now, it is easy to see that the location of R, is at 
the intersection of L OP; and LOP2. This is the basis for what is referred to as range-range (or rho-rho) 
navigetion. 


Also note in Fig. 4.2-1c that there is a second intersection of the two LOPs at R,; this is called an 
anomalous fix since it is not the desired position. It is necessary to identify which intersection of the 
~ LOPs is the desired position. If the approximate location of R; is known and Rg is much farther away 
from Ky than the error in this approximate knowledge of the location of Rj, then Rg is easily identified as 
an anomalous fix. One way to resolve the anomalous fix problem is to acquire a third range measure- 
ment from T3 (Fig. 4.2-1d). Now the intersection of all three LOPs unambiguously identifies Ry. Also, 
this is the basis for what is referred to as range-range-range (or rho-rho-rho) navigation. Any number of 
indep -ice range measurements can be used; this is referred to as a multilateration or multiranging nav- 
igation .vlution. Other methods for resolving anomalous fixes are available. It is generally not a2. prob- 
lem in practice, particularly when navigating rather than position fixing. On a moving craft, the . .ent 
indication of position is usually close to the previously indicated or known position and the ambiguity is 
easily resolved. Notice that if Rg is close to Ry, the range measurements in Fig. 4.2-1c are nearly collin- 
car, This represents “poor geometry” and resuis in excessive navigation error treated this in the next 
section, [This simple example is the basis for position fixing with all radionavigation systems, including 
Omega!] In summary, the position determination process combines multiple measurements of the dis- 
tance fram known locations to ascertain the current position of the craft. 


4.2.2 Real World Positioning Errors 


If j-osition fixing is really as simple as indicated in Section 4.2.1, why is it necessary to write books 
onthe sub'ect? The answer is, “because we live in a real world rather than the ideal world assumed in the 
preceding discussion.” The most significant problem in the real world is uncertainty or “error.” All mea- 
surements are subject to errors that cause the position indicated by the navigation equipment to be in error. 


Returning to the simple example in Fig. 4.2-1, assume that the distance measurements have a 
bias error such that the measured distance is somewhat larger (or smaller) than the actual (true) distance. 
Now, instead of the three LOPs intersecting precisely at Ry there are three distinct intersections 
(Ry3, R23, and Ky2) near Ry, as illustrated in Fig. 4.2-2. We now must pick one of the three solutions or 
somchow combine the three solutions (e.g., using some form of averaging) to estimate Ry, given that Ry 
is somewhere within the shaded region. In any event, the indicated position will probably be in error and 
the position-fixing process has become a bit more complicated. It is clear that some type of algorithm is 
necessary to automate the process, 
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Legend: 


RB, = Measurement Bias Error Associated with LOP; 
RB2 = Measurement Bias Error Associated with LOP2 
RB3 = Measurement Bias Error Associated with LOP3 


Shading indicates region of uncertainty 


Figure 4.2-2 Range-Range-Range Fix with Bias Measurement Error 


1n addition to bias, or systematic, measurement errors, we must also contend with random, or 
noise-like, measurement errors in the real world. A random measurement error causes a “‘jitter’”’ or 
“randomness” in the computed position. Again building on our simple example, assume that the mea- 
sured distance includes a noise-induced error such that each time a measurement is made a slightly differ- 
ent value is obtained for the indicated range. The LOP crossings will differ for eacn measurement and the 
indicated craft position will change with eacl. computation, even if the craft is stationary. 


If the noise is a zero-mean random process (Ref. 2), the average of many range measurements (or 
position solutions) can be used to determine an average (mean) indicatic. of position; this significantly 
reduces the error in the position fix. Effectively, this is done by the so-called navigation filters used in 
receiving equipment. Ifthe craft is stationary, then averaging over many measurements is quite feasible, 
resulting in a dramatic reduction in the effect of random measurement errors (noise) on the position fix. 
However, the amount of “averaging” that can be performed on a moving platform is limited because each 
measurement is associated with a new position of the craft. Unless this motion of the craft is properly 
accounted for by the filtering algorithm, it may not be possible to distinguish true motion of the craft from 
the apparent motion caused by 10ise. Consequently, additional error can be introduced by averaging this 
dynamic effect. Forexample, an aircraft flying at 300 knots moves 500 feet in one second. Therefore, simply 
averaging several measurements over tens of seconds will introduce a significant error in the indicated posi- 
tion of the aircraft since the true position of aircraft is significantly different at each measurement. 





Techniques to reduce the effects of dynamic errors on a moving platform include rate aiding of 
the measurement tracking process and the use of dynamic models in a Kalman filter (addressed in 
Appendix D). Rate aiding uses an external source of craft velocity, such as an air speed indicator in an 
aircraft, and a heading indicator, a compass, or an estimate of velocity derived from the changes in posi- 
tion as an indication of vehicle motion. Individual measurements that are separated in time can be 
- -relatec through dead reckoning; the current position is approximated by the previous position plus the 
integral of velocity over the time between measurements. If the time interval is small and the velocity is 
nearly constant, the integral is well approximated by the product of velocity and time between 
measurement, Differencing the dead reckoned position with the craft position derived from the Omega 
measurements yields an indication of the error. Because this error does not include the rapidly changing 
position of the vehicle, it can be averaged over several measurements and used to improve the indicated 
position of the craft. This process is expanded upon in Section 4.4, Kalman filtering is an advanced 
filtering technique that allows time-varying dynamics to be modeled and included in the filtering pro- 
cess. In spite of the available techniques for reducing the effect of noise, random positioning errors are 
associated with all practical real-world navigation systems, The size of these random errors often limits 
the utility of the system, 


4.2.3 Geometry Effects 


Along with measurement error, arelated geometry effect is important in determining the fix error in 
radionavigation systems. Returning again to the example in Fig. 4.2-1, note that the LOPs can cross witha 
crossing angle between 0 and 90°. The LOP crossing angles depend on the relative position (geometry) of 
Ty, T2,T3 and Ry. In an ideal world the crossing angle would not be critical, except for the case where it 
approaches zero and the previously identified requirement to resolve the ambiguous fix becomes difficult. 


In the presence of measurement errors, geometry has a profound effect on the position fix accuracy 
and is one of the most important characteristics that limits the performance of radionavigation systems. 
This is easily seen by looking at the uncertainty associated with determining the intersection of two 
LOPs in the presence of measurement noise. In Fig. 4.2-3, two LOPs (range-range position fix) are 
shown with a large crossing angle near 90° and also for a relatively shallow crossing angle near 0°. 
Assume that the measuresnent noise causes a random variation around the nominal (mean or average) 
value of the LOP. Further assume that the maximum variation in the indicated position of the LOP is +f. 
Because of this randomness in the measurement, the indicated location of the LOP crossing (position 
fix) can occur anywhere within the shaded area of uncertainty, Therefore, the size of this area of uncer- 
tainty is directly related to the position fix uncertainty. 
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Figure 4.2-3. Range-Range Position Fix Uncertainty Regions Due to Range 
Measurement Noise as a Function of LOP Crossing Angle 


If these two LOPs with the same associated fluctuation bounds of +8 happen to cross with a very 
shallow crossing angle, the associated area of uncertainty is now much larger than for the 90° crossing 
angle (see Fig. 4.2-3), Since the indicated position can fall anywhere within this uncertainty region, the 
resulting fix error also has the potential to be much larger. This geometric effect is captured numerically 
by a figure of merit called Geometric Dilution of Precision (GDOP), which is the ratio of position error 
divided by range measurement error, Therefore, a large GDOP is associated with large areas of uncer- 
tainty and the associated position error will be larger than the range measurement error, For example, a 
GDOP of 8 means that the position error will be about cight times larger than the range measurement 
error. Further discussion of GDOP is provided in Chapter 10 and additional insights are provided Jater in 
this chapter. Although this graphical interpretation of the effect of geometry on fix error is somewhat 
oversimplified, it captures the essence of the problem and provides a useful mental picture to support the 
associated mathematics addressed Jater in this chapter, Fix geometry must be accounted for in any prac- 
tical navigation algorithm and the navigation user should be aware of poor geometry conditions that de- 
grade navigation accuracy, Remember that range measurement errors cause position fix uncertainty 
(ctror) and poor geometry (large GDOP) nagnifies the effect of the range error on the position fix error, 








4.2.4 Range Measurement with Radiowaves 


Thus far our simple example has assumed that it is possible to measure the distance from a refer- 
ence point (T) to the desired fix point (R). The process of “measuring” this distance is fundamental to all 
radionavigation systeins. The reference points are the known locations of the transmitting stations and 
the fix point is the location of the receiver antenna. No radionavigation system directly measures this 
_ distance. At best, the time it takes for a radiowave to propagate over the distance can be measured and the 
associated distance inferred from the “known” propagation velocity of the signal. The word known is in 
quotation marks because the precise propagation velocity of a radiowave is generally only available fora 
known uniform media; e.g., the propagation velocity in a vacuum (free space) is the same as the speed of 
light: 299,792.5 km/sec. 


The presence of the earth introduces variations from free-space signal propagation that can be 
computed, but only if the electromagnetic properties of the path are known (see Chapter 5 for additional 
details), In most applications, the propagation velocity of the signal can be adequately approximated. 
Alternatively, the propagation velocity can be inferred from time or phase measurements over a known 
path and then used to estimate the distance on other paths with similar physical and electrical characteris- 
tics, This is in fact the basis* for determining the Propagation Corrections (PPCs) used to improve 
Omega accuracy (Chapter 9). 


In general, there is a need to measure the time it takes for a radio signal to propagate over the 
desired distance so as to infer the distance. In the case of Omega, signal phase is the fundamental 
measurement. However, we must address some additional complications associated with phase 
Measurements. These are referred to Section 4.3 and time is assumed to be the fundamental measure- 
ment in this section. If all transmitting stations are synchronized to transmit at precisely the same time, 
and the receiver has knowledge of this time, all thai is necessary is to measure the time at which each 
Signal is received and compute the distance to each transmitter using the known propagation velocity of 
the signal, Sounds too easy, right? 


If all transmitters are synchronized to transmit at the same time, to, the time at which the signal is 
received, ¢, from each of three transmitters (1, 2, and 3) is 


tp sty + ty 
2 = ly + tro (4,2-1) 
(3 = tp + ty3 


th NE 


*For PPCs, the phase velocity (the apparent velocity of phase motion) is estimated. 
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where t, is the signal propagation time. If tg is known, then any two measurements of f provide the neces- 
sary information to compute a rho-rho fix. However, if fo is unknown it introduces a bias in each 
measurement and the indicated position given by the crossing of any two LOPs will be in error, as illus- 
trated in Fig. 4.2-2. Four fundamental approaches get around this problem: 1) use an external indication 
of fp, 2) estimate fo using a known location, 3) estimate fo using additional independent measurements, 
and 4) employ the range-difference (hyperbolic) mode. 


Approach I requires an accurate external clock (e.g., cesium frequency standard) that is synchro- 
nized at the stations and (conceptually) retains the value of fo for subsequent use by the receiver. 
Approach 2 requires the craft to be positioned at a known location. The radionavigation fix is compared 
with the known location and the value of fg determined, which “forces” the indicated position to match 
the known location. This value of fo can then be used as the craft moves to their locations, assuming that 
to does not change. Approach 3 is based on the fact that a minimum of two range measurements is 
required to compute a rho-rho fix. If one or more additional measurements are available from other 
Stations, the added information can be used to estimate fo. Returning to the example illustrated in 
Fig. 4.2-2, to will introduce a range bias (RB) of equal value in all three range measurements (R). If we 
can determine the value of the common range bias that must be removed to cause all three LOPs to cross 
at a common point, the effect of to is eliminated. This is the basis for the rho-rho-rho mode of direct 
ranging and is easily extended to handle any number of multiranging measurements. 


Historically, Approach 4 has been the most popular due to its simplicity and low cost of imple- 
mentation. Overcoming the need for the receiver to know when the transmitters transmit can be accom- 
plished using the range difference or hyperbolic mode. The hyperbolic mode of navigation uses range 
differences rather than the absolute range to obtain a position solution. A minimum of three stations is 
required for a hyperbolic solution. Let us take a look at how the hyperbolic mode gets around the prob- 
lem of the receiver needing to know when the transmission starts. Simply differencing the time that the 
Signal is received from any two stations (Eq. 4.2-1) eliminates tg and provides a direct measure of the 
time difference (ty): 


tai2 = ty — tz = ty — tr AD 
(4,2-2) 
tgi3 = ty —t3 = try — try - 
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Conceptually, the time difference can be measured by starting a stopwatch when one signal is received and 
stopping the watch when the second signal is received. Notice that the unknown time, fo, drops out of the 
time difference expressions leaving only the differences between the signal propagation times. Multiply- 
ing the time differences by the signal propagation velocity yields a measurement of the range difference. 
Because of the popularity of the hyperbolic mode, further details are provided in the following section. 


4.2.5 Hyperbolic Mode 


The range difference approach is called the hyperbolic mode because the resulting LOPs are a 
family of hyperbolas (as compared to the circles associated with the direct-ranging mode), which are 
symmetric around the baseline (the direct path between the two station locations), as illustrated in 
Fig. 4.2-4. Note that the hyperbolic LOPs are easily constructed from the circular LOPs for each station 
by connecting the crossing points associated with equal differences between the LOPs from each station. 
The zero-difference LOP is the perpendicular bisector of the baseline because the time for the signal to 
propagate from T, is equal to the propagation time from T;. Also, the baseline extension is important 
because it represents a region where a hyperbolic fix cannot be computed. 
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The hyperbolic LOPs for stations T; and Tz are redrawn in Fig 4.2-Sa to reduce the clutter 
associated with the constant-range circles. Notice that, unlike rho-rho LOPs that have a constant repeti- 
tive spacing, the spacing between the hyperbolic LOPs increases with increasing distance from the base- 
line. This is significant since it gives rise to an associated increase in the GDOP, which means reduced 
accuracy, It is important to recognize that the accuracy of a hyperbolic fix is not just a simple function of _ 
the LOP crossing angle, like in the rho-rho mode, but also depends on the relative spacing between the | 
LOPs. This point is further illustrated in the following discussion, a 


As with the rho-rho mode, at least two hyperbolic LOPs are also required to determine position 

Ry. Asecond set of hyperbolic LOPs can be generated by using stations T; and T3. The resulting hyper- 
bolic LOPs that cross at R are illustrated in Fig. 4.2-5b. Although T; is common to LOP)2 and LOP3, 
there is no requirement to select T; as the common station. Either T2 or T3 can be selected as the common 
station with the same resulting position and GDOP. This is counter-intuitive since the relative geometry 
of the LOPs is quite different. This point is illustrated by comparing Fig. 4.2-5b and Fig. 4.2-5c. The 
Stations are identical in both cases but the hyperbolic LOPs crossing at Ry have significantly different 
geometry, depending the common station. One may be inclined to conclude that selecting T2 as the com- 
mon Station yields better LOP crossing geometry and hence alower GDOP. This is not true! Both geom- 
etries provide identical GDOP. In practice, there may be slight differences in the fix error since the 
GDOP calculation assumes equal and unbiased error levels for each station, 


It should be noted in passing that a four-station hyperbolic solution can be obtained if four sta- 
tions are available. In this case the position fix and associated accuracy (GDOP) does depend on the 
particular station pairs selected. Because this is not acommon mode of operation we wil) not address it 
further here. Aside froin the case in which only range differences are available because of datacollection 
or receiving equipment limitations, the four-station hyperbolic mode offers no advantage over the four- 
station direct ranging mode implemented with a least-squares algorithm, As with the range-range 
navigation mode, anomalous fixes can also occur in the hyperbolic mode and must be resolved by using 
techniques similar to those employed for range-range navigation. 


4.2.6 Historical Position Fixing and Navigation 


Before the availability of efficient on-board digital computers, navigation with Omega was 
accomplished by using precomputed hyperbolic LOPs plotted on paper charts. These charts were devel- 
oped and published by Defense Mapping Agency (DMA) for use available Omega stations. Measure- 
ments made by a navigator using an Omega receiver were usually plotted on the chart to identify two or 
more LOPs. The intersection of these LOPs provided the position fix. This hyperbolic fix point could 
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Figure 4.2-5 — Hyperbolic Position-Fix Technique 


4-13 








then be related to the lines of latitude and longitude, or other navigational information, also plotted on the 
chart, This process was repeated periodically by the navigator to determine the track of the craft as given 
by the locus of fix points. 


With the advent of microprocessors, Omega receiving equipment significantly improved. Paper 
_ charts are becoming a thing of the past as they are being replaced with electronic coordinate converters. 
Computer-based coordinate converters employ mathematical algorithms to process the measurement 
data and directly compute the latitude and longitude of the craft. Not only does this eliminate the manually 
~ intensive process of using paper charts, accuracy and overall capability of the receiving equipment are 
significantly improved. There has been a general trend to move away from the hyperbolic mode to the 
multi-ranging mode where all usable measurements from multiple stations are used to compute the fix 
rather than selecting just three stations, Fix algorithms and processing techniques are addressed in Sec- 
tion 4.4, However, itis important to have a basic understanding of the position fixing process first before 
getting immersed inthe mathematical details. Keep in mind the picture of intersecting LOPs, either circu- 
lar or hyperbolic, since this is the basis for all radionavigation techniques. Acomparison of the important 
tradeoffs for the various techniques is summarized in Table 4.2-1. 


At this point, it is important to have a basic understanding of the fundamental concepts of rho- 
rho, rho-rho-rho and hyperbolic position fixing using time (or range) measurements. The rest of this 
chapter expands upon these basic concepts to provide the details required to understand the real-world 
Omega system and signal characteristics, in addition to the practical implementation of vehicle naviga- 
tion with Omega signals. 


Table 4.2-1 Comparison of Navigation Fix Modes 


NAVIGATION MODE 
ATTRIBUTE — 
HYPERBOLIC RHO-RHO RHO-RHO-RHO 
Better (under ideal conditions) Good Best 
Geometry Dilutes accuracy Less effect Same as rho-rho 


Stations 7 Minimum of 3 Minimum of 2 


External clock 





4.33. OMEGA SIGNAL PHASE AND DISTANCE RELATIONSHIPS 


4.3.1 Signal Characteristics 


An electromagnetic radiowave has sinusoidal characteristics in both time and space. The best 

visual analogy is to drop a stone in a pond and observe the waves (Fig. 4.3-1). The ripples in the radial 

_ direction form a sinusoidal (spatial) shape on the surface of the water that appears to move (propagate) 

away from the source of the excitation. There is no actual motion of the surface in the radial direction; a 

cork floating on the surface will bob up and down but does not actually move in the radial direction along 

with the waves. The motion of the waves at a fixed location in the water is up and down with a sinusoidal 

(temporal) motion at a certain frequency. The distance between the peaks (or troughs) of the waves is 

called the wavelength, which represents a phase shift of 2 radians (or 360°). This is a simple visual 
illustration of the temporal and spatial characteristics of a radiowave. 


The above visualization can be represented mathematically: 


E = E, cost — kd) (4.3-1) 
where: 


& 
I 


= 2nf, t = time, f = frequency 
= 2n/A; d = distance; A = wavelength 


= 
! 


The quantity Ep is the peak amplitude of the wave, wt is the temporal portion of the phase and kd is the 
spatial component of the phase, which is the product of the wave number, k, and the distance, d. 
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Figure 4.3-1_ An Electromagnetic Wave Travels Through Space 
in Much the Same Manner as a Wave in Water 








A plot of the sinusoidal wave is shown in Fig. 4.3-2 at three different values of time. The ampli- 
tude of the wave is plotted as a function of both phase on one horizontal scale and of the distance from the 
transmitter on a second scale. In Fig. 4.3-2, if the point P (defined as a constant-phase point) is observed 
as a function of time, it appears to move (propagate), just like the example of waves in the water, in the 
direction of propagation at the. phase velocity (v). Ata fixed distance from the transmitter, the signal 
_ amplitude exhibits a sinusoidal variation at frequency f with a peak amplitude of Eo (see Chapter 5 fora 
complete discussion of signal propagation effects). 


In Section 4.2 it is assumed that the fundamental measurement is the time it takes for the signal to 
propagate over the distance between the transmitter and the receiver. This is because it is easy for most 
people to think in terms of the time it takes to move acertain distance. In actuality, Omega position fixing 
and navigation use the signal phase rather than time as the fundamental measurement, Although some 
additional complications are associated with the use of phase, there should not be any confusion or loss 
of understanding of the position determination process since a direct relationship exisis between the 
propagation time (or distance) and the phase of the signal. The objective of either type of measurement is 
to ascertain range, or distance, between the transmitter and the receiver, or the change in range relative to 
a previously known position. Figure 4.3-2 and a few simple equations illustrate this point. 


The propagation velocity (v) of a radio signal is defined as: 
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Figure 4.3-2 Sinusoidal Wave at Three Different Values of Time 





where fis the frequency and is the wavelength of the signal. From Eq. 4.3-1, the relationship between 
the phase shift (f), in units of radians, associated with a signal propagating over a distance d during the 
time interval ¢ is: 

¢ =kd = wd Sei (4.3-3) 
where K is the wave number. It is easy to see from Eq. 4.3-3 how time, distance and phase are all related. 


Therefore, the distance from the receiver to the transmitter can be inferred by measuring the shift, or 


change, in the signal phase at the receiver relative to the phase cf the signal at the transmitter. 


As in the previous time measurement example where it is necessary to know the time at which the 
signal is transmitted, the phase of the signal at the transmitter location must be known or determined; 
alternatively, the hyperbolic phase difference approach can be used to get rid of the common unknown 
phase. Operationally, all eight Omega transmitting stations have a stable signal frequency and the trans- 
mitters are phase-synchronized. ‘This is accomplished by using cesium frequency standards at each sta- 
tion and a phase shifter, which is periodically adjusted to correct the transmitted signal phase for any 
small drift in the cesium clock relative to the other stations and relative to an external time reference. The 
required periodic phase adjustment at each station is determined with the SYNC3 software (see Chap- 
‘er 7), which processes signal measurements from each station to determine the required phase adjust- 
ments at each station. 


At any given instant of time, the cumulative phase (kd) increases linearly with distance from the 
transmitting station and is equal to an integral number of cycles plus a fraction of acycle. The sinusoidal 
spatial pattern repeats as the signal propagates away from the transmitter, as illustrated in Fig. 4.3-3. At 
each wavelength, or cycle, the wave repeats; this distance between repetitions is called an Omega lane. 
At the primary Omega frequencies of 10.2 kHz and 13.6 kHz, the respective wave lengths (lane widths) 
are approximately 16 nm and 12 nm. Omega lanes are an important concept and are furrdamental to 
navigating with Omega. This important subject is treated in detail in Section 4.3.3. 


The example in Fig. 4.3-3 shows a constant amplitude signal as a function of distance from the 
transmitter. This is not true in the real world, which is a lossy medium. The actual amplitude of a plane 


wave in a lossy medium is approximated by an exponential! amplitude which decays with distance from 
the transmitter: 


E, = Ep exp(— ad) cos(wt — kd) (4.3-4) 
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Figure 4.3-3. Omega Lanes Formed by Radio Waves 


where a is the attenuation rate. Equation 4.3-4 is illustrated in Fig. 4.3-4. In the real world an additional 
reduction of the signal amplitude is a function of the distance from the transmitter due to geometry and is 
referred to as the “spreading factor” (see Chapter 5). The reduction in signal amplitude with distance 
from the transmitter does not directly impact the position fixing process, but it does influence the accura- 
cy of the position 11x. This is because in the reai world it is necessary to contend with atmospheric noise, 
which limits the ability of the receiver to detect and measure the signal phase. Ifa signal level is very high 
compared to the noise level, the noise has little impact on fix accuracy. However, when the signal and 
noise levels are comparable, accuracy is degraded due to the noisy phase measurements. The limiting 
case, of course, is when the signal is buried in the noise and cannot be detected by the receiver. Although 
signal level and noise issues are extremely important when it comes to understanding Omega system 
availability and accuracy performance, they are of secondary importance to the fundamentals of position 
fixing. Only in the detailed consideration of the position fix algorithm design and implementation is it 


necessary to address these issues. The details of signal amplitude and noise effects, and the associated 
impact on the navigation fix, are addressed in Chapters 10 and 12. 
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Figure 4.3-4 Plane Wave Propagation in a Lossy Medium 


4.3.2 Propagation Corrections 


Another real-world characteristic that impacts navigation accuracy and needs to be accounted 
for in the navigation solution is the fact that the ttue curnulative phase is not exactly a linear function of 
distance as suggested in Eq. 4.3-3, In reality, the wave number (k) is not constant in the presence of the 
earth and generally differs for each point along the signal propagation path. This means that the exact 
expression for the phase shift is a rather complicated integral of the wave number over the path. Fortu- 
nately, in practice, things are not as bad as this may lead one .0 believe. Using a single constant wave 
number yields a total nominal } hase that is within about 0.2% to 2% of the the result of the path integral 
and real-world observations. The simple nominal phase model given by Eq. 4.3-3 is the fundamental 
model used in most Omega receivers to characterize distance as a function of phase. 


Although an accuracy of one or two percerit may be adequate for some applications, it is not suf- 
ficient to support the advertised Omega accuracy of 2 to 4nm, 95% of the time. To obtain the advertised 
accuracy, the mri ‘ured phase must be corrected in the receiver for the real-world effects by applying a 
PPC (propagation correction) to each phase measurement. After correction with the PPCs, the resulting 
corrected phase meesurements correspond very closely to the nominal phase model. Therefore, for the 
purpose of position fixing or navigation calculations, there is no need to worry abc tt the real-world 
phase complexities since it can be assumed that the y are taken care of by the PPCs. The inability to pro- 
vide perfect corrections of all real-world effects with the PPC produces a residual error which tends to be 
the major contributor to Omega position accuracy. The development and application of PPCs are 
addressed in Chapter 9, 
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4.3.3. Omega Lane Determination 


Lane determination is important because the cumulative phase of the Omega signal at any point 
along the propagation path is an integer number of cycles (lanes) plus a fraction of a cycle, as illustrated 
in Fig. 4,3-2. Because of the 2% ambiguity associated with phase measurements, the receiver can only 
measure the fractional part of a cycle. In other words, that the phase varies from 0 to 360° (27 rad) in 
“each and every lane (see Fig. 4.3-3). A receiver arbitrarily placed somewhere in the signal coverage 
region will indicate the phase within alane. Therefore, without knowing the lane count it is impossible to 
determine the location of the receiver on the earth. It is necessary to determine the lane count (number of 
whole cycles) so that the total distance from the transmitter to the receiver can be determined. 


There are three basic ways to determine the lane count and the associated coarse position. The 
preferred way is to start at a known location and let the receiver keep track of the lane count as the craft 
moves from the known position. This means that when the measured phase changes 360° and reads zero 
degrees, a lane counter is incremented (or decremented). Obviously, the accuracy of the initial known 
position must be no worse than plus or minus one-half of a lane width or the wrong initial lane may be 
selected. Most of the time this approach works just fine. However, there is always the possibility that the 
receiver will lose track of the lane count due to a power failure or a temporary loss of signal. 


The second way to derive the lane count is to use another independent positioning system, such as 
a known surveyed location, a celestial fix or an electronic (e.g., Loran-C or radar) or visual means, This 
auxiliary fix must be accurate enough to identify the correct lane so that the Omega Jane count can be 
reinitialized. At an operating frequency of 10.2 kHz, the lane width is approximately 16 nm in the direct 
ranging mode. Therefore, it is only necessary to know where you are with an accuracy of £8 nm to deter- 
mine the coarse lane count and then use Omega to refine this position within the known Jane. The lane 
width for each of the common Omega frequencies is listed in Table 4.3-1. Both the direct ranging and 
hyperbolic (on the baseline) lane widths are provided. 


A third approach is to use Omega frequency differencing to determine the lane count. One of the 
reason that Omega transmits at multiple frequencies is to support lane determination. Looking at the 
Omega navigation frequencies, it is important to observe that there is an integer relationship between 
these frequencies. For example, 10.2:13.6 is aratio of 3:4. This means that the total width of three lanes 
at 10.2 kHz is exactly the same as the total width of four lanes at 13.6 kHz, a total of about 48 nm. A 
wavelength of 48 nm corresponds to a frequency of 3.4 kHz which is equal to the difference between 
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13.6 kHz and 10.2 kHz. Differencing the 10.2 kHz and the 11!/3 kHz frequencies results in an equivalent 
lane width of 144 nm. The equivalent lane widths for selected difference frequencies are listed in 
Table 4.3-1. The lane widths and lane count are also illustrated in Fig. 4.3-5. 


Table 4.3-1 | Lane Width of Common Frequencies 
and Selected Difference Frequencies 7 


LANE WIDTH 


FREQUENCY RHO-RHO BASELINE | 
(kHz) HYPERBOLIC 


nm) 
Wy 
11.05 
13.6-10.2 


(3.4) 


13.6-111/5 
(2.2%) 

111/5--10.2 
(1.1173) 


119/5~-11.05 
(0.281/4) 


10.2 
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Figure 4.3-5 Lane Width as a Function of Omega Frequency 
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The receiver can easily synthesize the difference frequency using the primary frequencies. 
Given thata fix can be generated using the difference frequency, it is only necessary to know the approxi- 
mate position of the craft with an accuracy of at least that corresponding tothe larger width of the differ- 
ence frequency lane, Generally, the maximum allowable error is defined to be half of the Jane width to 
allow for the fact that the error could be positive or negative. The difference frequency fix is usually 


accurate enough to determine the primary frequency lone. The primary frequency is then used to deter: _ ees 


mine the position of the craft. 


In the hyperbolic, or phase difference, mode of operation the width of all lanes on the baseline is 
exactly onc half of the lane width in the rho-rho mode (Table 4,3-1 and Fig. 4.3-5) This means that the 
Jane width at 10.2 KHz is 8 nm and the 3.4 kHz difference frequency lane width is 24 nm, Using the 11,05 
kHz signal with the 111/3 kHz signal yields a difference frequency with a hyperbolic Jane width of 288 
nm onthe baseline, Apart from error considerations, this is generally sufficient to resolve the lane ambi- 
guity in most operational situations. 


The hyperbolic lanes are illustrated in Fig. 4.3-6, Each lane is defined by the contours of zero 
phase difference, The difference between two measured phase relationships defines an LOP within each 
and every lane established by the zero-phase contours, Again, since the LOP can lie within any lane, lane 
identification is extremely important, Note that unlike the direct ranging mode of operation, the width of 
the hyperbolic lanes is not constant. On the baseline the lane width is A/2 where A is the signal wave- 
length. However, the lane width widens with increased distance from the baseline, 
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Figure 4.3-6 = Hyperbolic Mode Lanes 
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In this section, we have tackled the important relationships between phase and distance, Also, 
th: concept of Omega lanes has been identified along with various ways to determine the correct lane. 
This is important because Omega phase measurements only indicate craft position within a lane. If you 
are unsure of any of the fundamental concepts presented thus far, review this section before continuing. 
The next section expands upon these concepts and the basics given in Section 4.2 to address more details 
of position fixing and navigation with Omega. 


44° OMEGA NAVIGATION/POSITION FIXING 


Based on the fundamentals presented so far in this chapter, you should have a basic understand- 
ing of how Omega signals can be used to infer range (or change in range) from the transmitter to the 
receiver, What isn't clear at this point is how modern microcomputer-bared equipment implements the 
navigation solution using signal phase measurements, This section “builds” a generic navigation algo- 
rithm by addressing cach of the important elements that must be accounted for in a practical implementa- 
tion, Knowledge of these elements is fundamental to a general understanding of modern methods and 
navigation equipment, 


4.4.1 Phase Measurements 

Before getting into the process of position fixing and navigation, it is instructive to look at how 
the phase of an Omega signal is actually measured, Most modern receivers use a phase-locked loop 
(PLL) to achieve both phase tracking and filtering of the received signal, A PLL (illustrated in 
Fig. 4.4-1) has a voltage-controlled oscillator (VCO) with a nominal frequency equal to the received 
Omega signal (¢.g.. 10,2 KHz, 13,6kH7) and a phase comparator that produces a contro] signal in propor- 
tion to the difference between the phase of the signal and the VCO reference signal phase. This control 
signal iy used to udjust the oscillator such that there is a nearly consti (average) relationship (O° or 90°, 
depending on the type of phase detector) between the reference signal and the signal. Under this condi- 
tion, the PLL is said to be locked to the Omega signal and it will continue to track the nominal signal 
phase us the craft moves, Further, between Omega signal transmissions the PLL oscillator will continue 
to provide a continuous indication of the phase, 


The continuous output from the PLL ds quite useful because the Omega signal js not continuous 
ateach frequency. Asis shown in Chapter 3, cach Omega frequency is transmitted for only 0.9 to 1.2 sec 
with a 0,2 sec silent interval between cach segment, Also, all eight stations transmit at a different 
frequency during cach of the cight segments, ‘This means that the same frequency is never simulta- 
neously transmitted by two stations and the receiver never receives a piven frequency from more than 
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Figure 4.4-1 Typical Phase-Locked Loop (PLL) 


one station at atime. The VCO used with the PLL is continuous and stable enough to maintain the 
frequency and phase over the 10-sec period of the Omega signal format. Visualize a receiver having a 
PLL for each frequency from each station. The outputs of these PLLs now provide continuous signals 
that are phase-synchronized to the received Omega signals every 10 sec using the approximately 1-sec 
frequency bursts transmitted by each station. 


With relatively clean (phase-synchronized) continuous outputs from the PLLs, which are locked 
to the desired station signals, determination of the relative phase between these outputs is quite easy. A 
straightforward way to measure the relative phase in a digital computer is to simply use a counter to 
measure the time between zero-crossings for two signals and convert this count to the equivalent phase 
difference for hyperbolic. If a very stable oscillator or clock (e.g., cesium standard) is available to the 
receiver, then the phase comparison of the PLL outputs can be made relative to this reference to imple- 
ment the rho-rho navigation mode. 


44.2 Navigation Coordinates 


Having acquired the desired phase measurements, it is necessary to convert them into an indica- 
tion of position on the earth. Note that airborne applications are essentially the same as navigation on the 
surface of the earth, and no special consideration is given to the effect of altitude. This is because the 
nominal altitude is generally small relative to the radius of the earth. Also, Omega only supports two- 
dimensional position fixing since the signal propagation is confined to an essentially two-dimensional 
carth-ionosphere shell — altitude must be determined by other means. This contrasts with Navstar GPS 
(sce Chapter 13), which provides a full three-dimensional fix capability. 
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The process of converting the phase measurements into position is actually a process of coordi- 
nate conversion. The Omega measurements and fixes are registered in station-centered circular 
(or hyperbolic) coordinates; the location of a craft on the earth is desired in the earth-fixed angular coor- 
dinates of latitude and longitude. Although this involves some geometry, the concepts are not difficult to 
understand. On the other hand, implementation of the “exact” equations to compute latitude and longi- 
- tude in a computer is not straightforward since the equations do not lend themselves to a simple closed- 
form solution. Numerous computational techniques have been devised by receiver manufacturers to 
implement the position fixing and navigation solutions; most of the details of these solutions are closely 
held by this receiver manufacturers and are usually considered to be proprietary. The goal here is to 
generally understand the process, not to become an expert on the details of coordinate conversion. 
Therefore, we will focus is on fundamentals rather than on specific techniques and actual algorithms 
used in operational equipment. 


Before getting into the mathematics and equations, it is necessary to have a clear picture of the 
navigation geometry. Thus far it is assumed that the earth is flat. A flat-earth assumption is acceptable 
over short distances (a couple of hundred miles) but not over the distances covered by Omega signals. 
The earth is generally represented by an ellipsoid of rotation around the earth’s spin axis. A meridian 
section of the earth is illustrated in Fig. 4.4-2. This reference ellipsoid is a sphere that is flattened some- 
what at the poles and bulges out at the equator. The radius of the earth at the equator is taken to be 
3443.92 nm and the polar radius is about 11.5 nm less than the equatorial radius. This flattening (f) is 
generally expressed as the difference between the equatorial and polar radii divided by the equatorial 
radius, with a numerical value of 1/298.2. Although the flattening is relatively small (about 0.34% of the 
equatorial radius), accurate navigation calculations involving long distances (e.g., transmitter-to- 
receiver) on the surface of the earth make it necessary to account for the flattening effect. 


The geoid is a mean sea-level approximation to the shape of the earth. However, the shape of the is 
not easily defined in a mathematical sense and is therefore not convenient for navigation calculations. For 
navigation with most radionavigation systems, position is reported with respect to the reference ellipsoid, 
which is an agreed-upon approximation to the geoid. Omega transmitting station coordinates are given in 
the World Geodetic System World Geodetic System 1984 (WGS--84), Note, however, that WGS-84 is not 
thc only datum used for navigation, charts, and maps. Other commonly used datums include WGS-72 and 
the North American Datum 1927 (NAD-27). The relative offset (or error) between these systems is on the 
order of 10 to 20 m. This error is small compared to the advertised Omega accuracy of 2 to 4.nm.. The 
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Figure 4.4-2 Meridian Section of Earth Showing the Reference Ellipsoid 


geodetic spherical coordinates are the spherical coordinates of the normal to the reference ellipsoid. 
Geodetic coordinates are commonly used on maps and in the mechanization of dead reckoning system, 
Additional details on navigation coordinate systems are contained in Ref. 1. 


The basic coordinate frame for earth navigation Longitude is shown in Fig. 4.4-3. A point on the 
earth is generally represented in geodetic spherical coordinates, Longitude which are the spherical coor- 
dinates of the normal (vector) to the reference ellipsoid. Longitude (A) is an angle measured from the 
Greenwich Meridian and is positive in the easterly direction; L is the latitude angle of the normal to the 
reference eliipsoid measured from the plane of the equator and is positive in the northerly direction. 
When traveling due north from the equator to the North Pole at a fixed longitude, latitude increases from 
0° to 90°; in the southern hemisphere the sign changes and the south pole has a latitude of -90°. Moving 
in the easterly direction causes longitude to increase from 0° at the Greenwich Meridian to a full 360° as 
you travel around the earth and back to the starting point. Generally, East Longitude is defined from Oto 
180° and West Longitude is generally represented as a negative number from 0 to —180° (of course, 180° 
and —180° are exactly the same meridian). 
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Figure 4.4-3 Navigation Coordinate Frame (Ref. 1) 


4.4.3. Range Determination 


Geodetic distance, d, between two points on the spherical earth can be computed with an accuracy 
of about 10 mor better, using the Andoyer-Lambert formula given in Table 4.4- 1, The latitude and longi- 
tude of each Omega transmitting antenna is known from surveys, Given the range measurements 
(or range-difference measurements) inferred from Omega phase measurements, the problem at hand is to 
find a way to solve for the latitude and longitude of the receiving antenna using the relationship between 
range and position given by the nonlinear equation (Table 4.4-1) for distance, d. As can be seen, this isa 
coordinate conversion problem because we must convert the indicated position in range measurement 
coordinates into the latitude/longitude geodetic earth coordinates, Solving directly for L andA in terms 
of dis nota viable approach, Therefore, we need to explore other ways of computing position on the earth 
given multiple measurements of d from multiple known sites (transmitters). 
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Table 4.4-1 Andoyer-Lambert Formula 


The geodetic distance, d, according to Andoyer-Lambert can be calculated wiih an accuracy 
of approximately 10 m using the following equations; 


d= d, + &,(rad) 
where 
.... cos d; = [sin(L,) sin(L,) + cos(L,) cos(L, cos(A, — A,)] 
reduced latitude of receiver 
reduced latitude of transmitter 
longitude of receiver 
longitude of transmitter 
Reduced latitude = tan! = ((1 — f) tanZ) 
L geodetic latitude of receiver or transmitter 


ee {sin(d,) — d){sin(L,) + sin(Z,))? _ {sin(d) + ai){sin(L) — snc} 
"4% 1 + cos(d)) 1 — cos(d)) 


1/298.2 





One way to solve for geodetic position would be to start with an initial “best guess” of craft lati- 
tude and longitude, enter this best guess into the equation for din Table 4.4-1 to calculate the associated 
range to each transmitter, and compare these calculated ranges with the Omega-based range measure- 
ments, If the guess is correct, the measured and computed ranges will be equal. If the guess is not correct, 
& new guess can be used with the goal of converging on the indicated position of the Omega receiver 
antenna, Itis obvious that this process is quite tedious; even with acomputer, it is not obvious how to pick 
the latitude and longitude values which will converge to the observed set of range measurements. Simply 
trying random numbers has no guarantee of convergence! Clearly, this is not a very practical approach 
and a better algorithm is required which can be implemented in acomputer. Note that the result is referred 
to as the indicated position and not the true position. There are always errors associated with the measure- 
ments and the processing; the indicated position is defined as the true position plus the error. If there are 
no errors, then the indicated position is equal to the true position. 


4.4.4 Linearizing the Process 


The position determination process can be simplified and will lend itself to automation in acom- 
puter if we can find alinear relationship, or approximation, between the measured range and the position 








(latitude and longitude) of the craft. A first-order series expansion of the range equation will provide a 
linear relationship between a small change (designated by A) in position and the associated change in the 
range to the transmitter. The desired linearized relationships between Ad, AL, and AA at a tangent point 
on the earth (L, A,) are obtained by taking the partial derivative of d; (Table 4.4-1) with respect to L, and 
to A,: 7 Oe 

0d; _ —cos(L,) sin(L,) + sin(L,) cos(L,) cos, — A,) 


aL, sin(d,) (44-1) 
-- 6d; _ cos(Ly) cos(L,) sind, ~ A)) $26 ela 
4d, sin(d;) (4.4-2) 


The partial derivatives given by Eqs. 4.4-1 and 4.4-2 are relatively simple linear relationships 
that can be evaluated numerically by substituting the latitude and longitude of the tangent point and the 
known transmitting station coordinates. These partials are generally quite accurate within about 200 nm 
of the tangent point. Therefore it is nut necessary to know the exact position of the craft to compute the 
partials. 


The location of the approximate latitude and longitude of the craft, if known (possibly the last 
computed position or a known reference), can be used for the tangent point. The measured range, as pre- 
viously noted, can be derived from the cumulative phase by dividing by the familiar wave number, k. 
(Notice that & will have anumerical value that depends on the frequency and the desired units of range and 
phase.) Now d; and the partial derivatives can be evaluated for transmitter i, The computed range (d;) can 
be differenced with the measured range from transmitter i=1 to form Ad: 


Ad, = $,/k — d, (4.4-3) 


The offset in the current position of the craft (indicated by the range measurement) relative to the 
assumed tangent point is: 





dd 
AL, = Ad,/5- ies 
4.4- 
mn (4.4-4) 
AA, = Ad,/< 


The corrected, or updated, craft latitude and longitude provided by the range measurement from trans- 
mitter i=1 is obtained by adding AL and A.A, to L, and A,, respectively. 


*Note that for purpose of linearization, the error associated with ignoring e; in the partial derivative 
is negligible. 
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Although linearization provides a convenient and computationally attractive way to relate craft 
position to the measured range, recall that a single measurement of range only defines one of the desired 
LOPs, As shown in Section 4.2, range measurements from multiple transmitters must be processed to 
unambiguously determine the location of the craft. The objective is to solve for a single latitude and 
longitude that represents the best estimate of the true position (intersection of the LOPs) given the avail- 

_able measurements. Processing a second range measurement to determine a second LOP offset (Ad2) 
will yield a second set of latitude and longitude offsets which may or may not match the position offsets 
given by Eq. 4.3-3 due to measurement errors and the linearization errors associated with the partial de- 
viatives. Now it is necessary to combine the two sets of numbers to identify the best estimate of current 
craft position based on the available range measurements. In addition to accounting for the geometry of 
each measurement, it is also desirable to be able to account for phase measurement errors due to noise 
and unmodeled propagation effects, i.e., errors in the PPCs. Clearly, we need acomputational algorithm 
to satisfy these requirements. The next section introduces the least-squares algorithm, which is the most 
commonly used solution to this problem. The least-squares algorithm is then applied in Section 4.4.6. 

4.4.5  Least-Squares Algorithm Definition ; 

Here is where the process of position estimation is introduced. Most modern receivers use a 
least-squares algorithm or a Kalman filter to estimate position. We will not present the details of deriv- 
ing these algorithms here since the development and application of these algorithms is treated in Ref. 2 
and Appendix D. Although the mathematics may appear formidable at first encounter, the concepts are 
really quite simple. A nice feature of these algorithms is their vector-matrix structure that allows any 
number of independent measurements to be included in the navigation solution. It is quite easy to incor- 
porate phase measurements derived from more than one frequency from any or all of the transmitters. It 
is also rather straightforward to include measurements (i.e., the change in phase from a reference posi- 
tion) from the Navy VLF communications system to supplement Omega in areas of poor signal cover- 
age. The least-squares algorithm involves using a set (or vector, Ref. 2) of measurements, z, which are 
linearly related to the unknown quantities (state vector, Ref. 2), x, by the expression 


z=Hx+v (4.4-5) 
where H is the mie. urement matrix and vis a vector of additive measurement noise — this is the general 
formulation of the lationship between the measurement and the state vector. The goal is to compute an 


estimate of | . 1 of unknown quantities, denoted by x , that minimizes the sum of the squares of the 
elements ...  —_—~«.Surement error, i.e., the cost function 


J = vy = (2 — Hx)! (2 — Hx) 








where the superscript T denotes the matrix transpose, The least-squares estimate is obtained (from 
Ref. 2) as 


& = (H'H)~'H? z (4.4-6) 


_' where—1 denotes the matrix inverse. Note that the least-squares estimate of xis simply a linear scaling of 


the measurement vector, z. 


Alternatively, a weighted least-squares estimate can be employed that allows non-uniform 
weighting of the measurements (e.g., in accord with the associated phase measurement noise) by mini- 
mizing the weighted cost function 


J=(z- Hx) Wiz — Hx) 


to obtain the least-squares estimate 


% = (H™WH)~'H'W z (4.4-7) 


Note that the weighted least-squares algorithm reduces to the least-squares algorithm when the weight- 
ing matrix, W, is the identity matrix (unity diagonal elements, zero off-diagonal elements). 


The ability to weight the measurements from multiple stations allows the algorithm to place a 
lower dependence on questionable or noisy phase measurements; this de-emphasizes the contribution of 
the erroneous phase measurements to the position fix. Further, the weighting matrix can be used to 
account for noise that may be common (correlated) between two or more phase measurements. For 
example, if phase differences are used, there is a common element of phase measurement noise 
associated with the common phase measurement in each of the phase differences. Measurement noise 
weighting can be implemented by defining Wto be the inverse of the phase measurement noise covarian- 
ce matrix (R) defined as 

R= E(w") 


where E() denotes expectation. If the measurement vector noise elements are independent, then the 
diagonal elements of R are simply the variance of the noise associated with each measurement and the 
off-diagonal terms of R are zero. 








If desired, a relative indication of the measurement noise statistics (variance) cau be obtained 
from the PLL (Section 4.3.1) and used to automatically weight the phase measurement. Note that the 
phase measurement noise level is not the same as the atmospheric noise at the antenna. Phase measure- 
ment noise is the residual phase jitter in the processed output of the PLL and tends to vary as a function of 
the inverse of the signal-to-noise ratio. Note that it is not required to use the inverse of R for W. It is 
possible to use W to weight measurements for other reasons, such as a signal that is suspected of being, or 
~ becoming, modal (see Chapter 5). OS ae ia ae 


It may not be obvious, but we have identified the necessary pieces of the puzzle. It is simply a 
matter of defining the vector quantities and the elements of the least-squares algorithm matrices in terms 
of the previously defined scalar equations. Numerous techniques have been developed (Ref. 2) for 
implementing the least-squares algorithm in software, and they will not be addressed here. It is more 
important to understand how to define the elements of the matrices and to understand the relationship 
between the mathematics and the graphical interpretation of the fix process. 


4.4.6 Least-Squares Fix Algorithm Implementation 


Let us first look at the general direct ranging scheme where it is assumed that multiple range mea- 
surements are available from two or more transmitting stations. To implement this direct ranging 
scheme, the phase measurements are made relative to a common oscillator or local clock. This is gener- 
ally a crystal oscillator, which does not have the long-term stability of the cesium (or rubidium) clock 
used in the rho-rho mode of operation. Although the crystal oscillator exhibits a phase drift (due to a 
frequency offset relative to the signal frequency), which is much larger than a cesium standard, the drift 
rate (frequency offset) is relatively constant over the Omega measurement period. This being the case, 
the navigation algorithm can be formulated to account for this clock drift and actually produce an esti- 
mate of the clock frequency error. This estimate is then used to correct the common clock error in each of 
the phase measurements. 


For navigation with Omega, the three unknown quantities of interest are clock frequency error, 
latitude offset, and longitude offset. The position offset to be determined is the difference between the 
previous position and the new (i.e., current) position. It is assumed that the correct lane count is known 
and other techniques have been used to synchronize the measurements. Therefore, the least-squares 
solution is to be used to determine the change in position associated with the change in the measured 
phase as formatted in Section 4.4.4, A minimum of three range measurements are required to estimate 
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the three unknown quantities. In the case of rho-rho navigation with a cesium clock, clock drift is 
assumed to be negligible; it is not included as a state and is not estimated by the algorithm. Therefore, 
only two range measurements are required. 


First, let us define the measurement vector, z, which is needed to compute a navigation offset in 


terms of the available range (derived from phase) measurements. Three measurements are assumed but 


the dimensionality can be easily increased to accommodate additional measurements: 


Ad, 
z= | Ad, (4.4-8) 


where Ad, is the measured offset, or change, in the range associated with transmitter i (cf. Eq. 4.4-3). 


The frequency offset, Aw,, of the clock is assumed to be constant (bias) between Omega mea- 
surements that occur every T sec. Notice that if Aw, is known, it can be multiplied by z to determine the 
phase error associated with this constant frequency offset during the time period t. For the moment, 
assume that there is no bias phase error associated with tle measurements and the measurement noise, v, 
is negligible. 


The goal is to define a state vector, x, with states that can be related to the measurements and can 
be estimated with the least-squares algorithm to update the indicated location of the receiver: 


AL 
x=! AYA (4.4-9) 
Awe 


Estimates of the two position states (AL, A.A) will provide the desired corrections to be applicd to the 
tungent position (Z, andA,). Anestimate of the reference frequency offset (Aw,.) can be used to correct 
for the associated clo~k-induced phase error in the measurements. The H-matrix is simply the partial 
derivatives (partials) . cach of the station range (phase) measurements to be included in the navigation 
solution. These partial derivatives are obtained by evaluating Eqs. 4.3.1 and 4.3-2, using the known 
locations of the transmitting stations and the assumed location of the receiver, L, andAp, 
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Using the notation that the subscript “i” identifies t. .8 associated with station i, the corre- 
sponding H for three stations is 











ad, ad 
1 1 tT, 
aL, w, 
ad, dd eae a ee 
H=/> ~— 1 4.4-10 
aoe ene OL, aA, 2 coven ee ee ee 4. ee 10) Sete Sane 
ad, ad 
—> 3 3 
aL; @A, 


Note that the known time between measurements (1;) for each measurement is included in the third col- 
umn of H. Equations 4.4-8 and 4.4-10 can now be used in Eq. 4.4-6 (or Eq. 4.4-7) to estimate the state 
vector. Notice that this is the “best estimate” of the position offset and the clock frequency offset, given 
the available measurements. These estimates can be used to correct the indicated position in an iterative 
scheme, as shown in Section 4.4.7, 


Implementation of the hyperbolic mode solution is also quite easy with the least-squares algo- 
rithm. Because the clock error can be ignored, (cf. Section 4.2.4) the state vector becomes 








x= Ai | (4.4-11) 
and the measurement vector can be formulated as follows: 
z= Ad, — Ad; (4.4-12) 
It is quite easy to see that H becomes 
od, _ dd, dd, _ dd, 
OL, OL, a, ad, 
(4.4-13) 
dd, 











dd, _ dd, _ ad; 
OL, 9OL,) \aA, aA; 


Note that although Station 1 is used as the common station, exactly the same result will be obtained if 
either of the other two stations is selected as the common station. 
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It is quite easy to see how any number of independent measurements can be included in the fix 
calculation by simply increasing the dimension (number of rows) of the measurement vector (and H). It 
is important that the measurements are independent or the required matrix inverse operation in the least- 
squares algorithm will be ill-conditioned and it will not be possible to obtain a solution. For example, 
simply entering the same measurement (from a single transmitting station at a single time) in each of the 


_ two or three measurement vector elements will not work. Also, the matrix inverse becomes ill- __ 


conditioned in cases with poor fix geometry, corresponding to a large GDOP (cf. Section 4.2.3), which 
is related to the lack of observability associated with the geometry. 


The same geometry conditions that lead to LOP crossing angles near zero degrees also cause 
pi blems with the matrix inverse operation. For example, if two transmitting stations lie on the same 
great-circle path to the receiver, the geometry associated with these two measurements is not indepen- 
dent. In fact, as previously noted, this is the baseline or baseline extension of the two stations and it is not 
possible to compute rho-rho position fix. This follows from the matrix inverse definition: 


A7! = (adjA)/iAl 


where IAI is the determinant of the square matrix A, and adjA is the adjoint (Ref. 2) of A. If |Al equals zero, 
then the inverse of A does not exist. This means that no row or column of A can be a linear combination of 
the other rows or columns. Therefore, it is only necessary to examine the determinant of H™H, which is 
the quantity that must be inverted in the least-squares algorithm, to determine if there is sufficient 
observability in the measurements to compute a position fix. Calculation of the inverse with a computer 
becomes ill conditioned as the determinant approaches zero. 


4.4.7 Implementation 


It is instructive at this point to integrate all of the individual pieces of the position determination 
process into a basic representative computer-based implementation. Again it must be recognized that 
each equipment manufacturer has its own proprietary approach to position determination and navigation 
with Omega. Special features of specific equipment such as waypoint navigation, external aiding, use of 


VLF signals, integration with other sensors, etc., all serve to dictate specific and possibly unique realiza- 
tions of the position determination process. Also, itis beyond the scope of the text to address many practi- 
cal issues and considerations associated with an operational implementation of the navigation 
algorithms. The following discussion is directed at tying together the fundamentals presented thus far in 
this chapter to summarize and illustrate the overall position determination process in the form of arepre- 
sentative implementation. 








A generic implementation diagram for position determination with Omega is presented in 

Fig. 4.4-4, This diagram supports the discussion in the following paragraphs. Ail processing in the dia- 

gram proceeds from left to right and then loops back in an iterative manner. This means that determina- 

tion of the new, or current, position uses variables (€.8., @ ppc, H, dy: Ad *) that are based on the previous 

known or compuied craft position. Each of the inputs and variables are related to the important issues 
and considerations presented in this chapter. 


The input on the left of the diagram (?) is a vector of phase measurements from the receiver 
phase tracking and filtering function (e.g., as discussed in Section 4.4.1) The vector could contain any 
number of independent measurements, or could even contain phase difference measurements if they arc 
appropriately handled by H. Note that ¢ is the phase within the current lane, not the cumulative phase. 


The phase bias correction input (%,) is not necessary in all cases but is included to support the 
generic configuration. For example, if an external cesium reference is employed to implement range- 
Tange navigation, this bias correction could be used to correct for the phase offset between the cesium 
reference and the phase of the signals at the transmitting stations. Because even a cesium reference has 
unacceptably large phase drift over long missions, range-range navigation requires some type of periodic 
synchronization to estimate this phase offset (p,), generally not at the station but at some known geodetic 
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Figure 4.4-4 Position Determination Using Omega Phase 
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reference point or by using another position determination system. The accuracy of the phase bias esti- 
mute depends on the accuracy of the PPCs at the reference point; it should be obvious that tle associated 
estimation errors will impact subsequent positioning accuracy. 


The next step is to correct each clement of the phase measurement vector with the appropriate 

PPC (Section 4.3.2), denoted as @ ppc: in Fig. 4.4-4, There appears to be aconflict here in that it is neces- 
sary to know the craft position in order to determine the PPC. This is true, but in practice it is only neces- 
sary to know the approximate location of the receiver to determine a sufficiently accurate PPC value. 

Therefore, the PPC is determined (using an algorithm of table look-up) from the best estimate of posi- 
tion, usually the most recent update of the navigation solution, which is identified in Fig, 4.4-4 us the 
Previous Position (L, A,). 


The measurement vector must be corrected for the frequency offset in the local oscillator of the 
receiver, This can be accomplished by taking the available frequency offset estimate provided by the 
least-squares fix algorithm and multiplying this frequency offset estimate by the time, 7, since the mea- 
surement was Jast processed, The clock phase correction, Ap, 4s applicd to the measurement vector, 
note that the clock frequency error is common to all elements of the measurement vector, Also, ¢ ix 
shown as a vector so that the appropriate value can be in assigned to cach clement of the measurement 
vector, The result is a corrected phase measurement vector, o,, Which corresponds to the “nominal 
phase" within a lane, as discussed in Sections 4.3.1 and 4,3,3, 


Most Omega equipment processes the change in phase from an assumed or known previous loca- 
onto determine the current position, Gives the previous position (Ln4,) and the known locations of the 
stations (/,,A;), an esumate of the (previous) phase can be computed using the Andoyer-Lanibert formu- 


Ja in Table 4.4-1, Differencing the corrected phase measurement - with the estimate d. provides an 
indication of the change in phase Ag, since the last measurement was processed, If this change in phase 
is relatively small, then the subsequent linearized processing of this change in phase by the least-squares 
ulgorithm to estimate the change in position (AL, AA) is generally quite accurate. ‘This means that if 1, 
and A, (the * ‘net Previous Position” block in Fig, 4,.4-4) are setequalty LandA, respectively, i and anew 
value for ?, is computed, the resulting value of 4%, will be almost zero, In other words, }, will be 
nearly cqual to the corrected measurement, @,. Notice that this is an iterative scheme and additional 
iterations cun be UY if Ag,. is eae and the linear ee do not nal ler OPE TUIMETONs 


4-37 








A 


The previous phase, @,,, is computed in a block that is also assumed to keep track of the lane 
count. Again, there are a number of realizations of this process (see Section 4.3.3), the details of which 
are beyond the scope of this document. It is sufficient to note that g, can be used to keep track of the lane 
count, and/or the computed range based on the most recent position information can be used. When all 
else fails, the frequency differencing scheme discussed in Section 4.3.3 can be employed to determine 

“the lane count. = - =. tee 8% re 


The change in phase, 4,, is converted into a vector of incremental changes in range, Ad, by 
simply dividing by the wave number, k (cf. Eq. 4.3-3), which is then processed with a weighted least- 
squares algorithm (cf. Sections 4.4,5 and 4.4.6) to determine the corresponding change in latitude and 
longitude (position increment), along with updating the estimate of the frequency offset. The previous 
indication of position is updated (or corrected) with the position increments to produce an estimate of the 
current position, The previous position is then set equal to the current position and the indicated com- 
putations are performed to ready the iterative process for the next phase measurement. As previously 
mentioned, additional loops through the calculations can be made with the same phase measurement if 
convergence (i.¢,, Ag = 0) is not achieved in one pass. Note aiso that like the determination of @ppc , 
computation of the measurement matrix, H, uses the so-called previous position. Again, if the current 
and previous positions are close, the computational errors due to algorithm linearization are negligibly 
small and a single pass through the position calculations is sufficient, 


Notice that if the craft position is known at some initial time or even at some time during the 
mission, this position (Lg,40) can be entered as the current vessel position (L, A) and used to determine 
the corresponding value of ¢ y+ The resulting value of Ad, now represents the phase offset between the 
Measurement and the reference position, Conceptually, if this offsei is excessively large, it could be sub- 
tracted from the bias correction (p,) todrive Ag, to zero, This corrected value of @, can now be used to 
correct subsequent phase measurements, In any event, the goal of the entire iterative process illustrated 
in Fig. 4,3-3 is to drive Ag, to zero, Under this condition, the current position yields a predicted (pre- 
vious) phase that is equal to the corrected phase measurement. Again it must be recognized that this 
example is only one of many ways that a practical navigation algorithm for Omega may be implemented 
inacomputer, It is, however, a viable mechanization and serves to illustrate the computational process. 
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45 HYBRID METHODS 


The airborne digital computer has made multisensor navigation system integration common- 

place. System integration is motivated by the fact that all navigation sensors and systems have inherent 

-performance and/or operational limitations. Therefore, the goal of system integration is to exploit the 

- synergy of various navigation systems and sensors to maximize overall navigation performance and to 
overcome the inherent operational limitations of individual systems. 


Asa stand-alone navigation system, Omega provides an advertised worldwide navigation capa- 
bility, 24 hours a day with an availability in excess of 95% for most users. Using the best available PPCs, 
accuracy is on the order of 2 to 4nm with a95% probability. This level of system performance is suffi- 
cient to support a number of users, however, there are users and missions with navigation requirements 
which cannot be supported by Omega as a stand-alone system. The limiting factor may be operational 
requirements, accuracy, or both. In some cases Omega is used to aid another system and in other cases 
Omega is aided by another system or sensor. It is worthwhile to look at some typical system integration 
efforts involving Omega since they are an important part of achieving an overall appreciation for the use 
of Omega in modern navigation applications. 


4.5.1 Omega Integration with Inertial Navigation 


One of the earlier integrated applications of Omega was to aid an inertial navigation system 
(INS). Inertial navigation systems use inertial sensors (accelerometers and gyros) to sense the motion of 
acraft and to determine position. An INS is arather sophisticated realization of a dead-reckoning system 
and has the desirable attribute of autonomous operation — in other words, it does not require external 
measurement information like signals from a transmitter. The INS has the desirable characteristic of 
providing continuous indications of craft pesition, velocity and attitude. Unfortunately, the INS also has 
the undesirable characteristic of unbounded growth in the navigation errors as a function of time. This 
means that after some period of time, the navigation error will becotne excessively large and the INS 
outputs are no longer suitable for navigation of the craft. A typical airborne INS has a position error 
growth rate of 0.5 to 1 nm/hr. Therefore, depending on the duration and accuracy requirements of the 
mission, it may be necessary to estimate and correct the INS error during the mission. 


For applications aboard submarines or on certain aircraft, the self-contained capability of the 
INS is ideal; however, periodic navigation fixes from an external source are required to reset, or correct, 
the errors in the INS. This has been accomplished on both aircraft and submarines using Omega as the 
external position fix source. One significant attribute of Omega use on a submarine is that a hyperbolic 


4-39 








fix can be computed with a submerged antenna. This means that the submarine does not need to surface 
and give away its position to a potentially hostile observer. Further, the worldwide coverage of Omega 
means that submarine operating regions are not dictated by the availability of the external fix. The rea- 
sons for using Omega to aid airborne INS applications are quite similar. Certain military aircraft have a 
‘requirement to operate in any region of the world at any time of the day. It would not be prudent to 
_ depend strictly on Omega because there are regions and times at which modal interference or other prop- 
agation limitations make Omega signals unusable (see Chapters 5 and 6). Also, there is always a possi- 
- bility that an Omega station will not be available due to equipment failure or even due to potential 
political and military hostilities. Therefore, continuous navigation information is obtained from the INS 
and periodic aiding of the INS is provided by Omega. 


The heart of most modern multisensor navigation systems is the Kalman filter (see Appendix D). 
The Kalman filter can be considered to be a generalization of the least-squares algorithm presented in the 
previous section — under the appropriate assumptions and constraints, the Kalraan filter reduces to a 
jeast-squares algorithm. The Kalman filter includes dynamic models of the errors associated with the 
navigation system(s) and sensors. Estimates of these errors and the associated navigation errors are 
obtained by processing the outputs of the navigation systems. These error estimates are then used to 
correct the indicated output of the navigation system. A representative block diagram for the integration 
of Omega with an INS is illustrated in Fig. 4.5-1, In this implementation, Omega is the external position 
fix source which is periodically used as a reference to correct the INS. Notice that the position outputs of 
both systems are differenced to form the input to the Kalman filter. This difference, or divergence, 
between the two outputs contains only errors associated with the two navigation systems. This is 
because the indicated position, and the associated rapidly changing dynamics, is common to both sys- 
tems and cancels in the divergence. This simple difference operation is important because it provides the 


















G-310623 
10-2-92 
; Indicatea 
Peele Craft Position Paireiiea 
avigation 
2 Craft Position 


System 




















; ie Position 
Indicated Position Error 
Phase Omega Craft Position -¥.+ Divergence Kalman Estimates 
: Navigation A 
Measurements Receiuat Filter 





Figure 45-1 Integrated INS-Omega Navigation System 
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desired observability of the errors which typically have much slower (lower frequency) dynamics than 
the craft position information. The Kalman filter can process multiple measurements to realize the 
advantages of measurement averaging without incurring dynamic errors associated with the changing 
position of the craft. 


Although this example uses an INS as the primary navigation system, this common architecture 
is used in many hybrid navigation systems. Estimates of position error are obtained and used to correct 
the indicated position output of the primary navigation systern. In some implementations, Kalman filter 
estimates of component errors are used to correct errors within the navigation system. For example, 
estimates of INS gyro errors are often used to correct the gyro errors in the INS computer. Another possi- 
bility is to estimate Omega phase or clock errors and feed these estimates back to the Omega navigation 
receiver. The Kalman filter can also be used to initialize the Omega receiver and to support laning. 
These are all very specialized applications and the details will not be addressed here. 


Notice that any number of independent navigation systems can be included in the architecture 
illustrated in Fig. 4.5-1. For example, Loran-C and NAVSAT could be included in this architecture by 
forming the associated divergences with the INS output and entering these additional divergences as in- 
puts to the Kalman filter. Additional error states may be required in the filter, but the resulting estimates 
of position error will now be the optimal combination of information from all of the available indicators 
of position. The Kalman filter automatically exploits the synergy associated with multiple systems to 
provide the best single indication of position error, this is because the Kalman filter contains dynamic 
models of the error characteristics associated with each system. Also, if one of the systems is not avail- 
able due to a failure or any other reason, the integrated system will still provide an indication of craft 


4.5.2 Differential Omega 


Another hybrid system is Differential Omega. In this configuration, an Omega reference receiver 
is located at a surveyed location. Because the geodetic location of the receiver is known, any difference 
between the position indicated by Omega and the known survey position is an error in the Omega- 
indicated position, Omega errors are both temporal and spatial in character. Temporal errors have a cor- 
relation time which is on the order of 15 to 30 min and spatial errors have atypical correlation distance on 
the order of 250 to 500 nm, This means that any receiver operating in the vicinity (less than the correlation 
distance) of the reference station will tend to see the same spatial errors as seen by the reference. The 


4-41 








correlation time provides an indication of the time period over which the error will not change signifi- 
cantly and the correction is expected to be valid. This dictates the minimum update rate of the differential 
corrections. 


The differential system broadcasts the errors seen at the reference location over a communica- 


__ tions link. These errors are received and used to correct the indicated position of the roving receiver, == 


Although the corrections could be applied to the indicated position, the preferred approach is to correct 
the errors at the phase level before the position fix is formed. This is because the position fix error 
‘depends on the specific stations used to compute the fix and the associated implementation of the fix 
algorithm, Therefore, if the phase errors associated with each signal are determined and broadcast, each 
user can take maximum advantage of the corrected phase to determine position. Referring back to 
Fig. 4.4-4, the differential corrections can be entered as the Phase Bias Correction vector, $,. 


Operational Differential Omega systems currently in place (1993) are tailored primarily to 
marine users, although a number of experimental systems have been tested. The correction information 
is normally broadcast using a 20 Hz moduiation of low-frequency (285 to 415 kHz) radio beacon signals. 
Measured position accuracies vary from about 0.3 nm at about 100 nm from the reference station to 
about | nm at 500 nm from the reference station, 95% of the time (Ref. 3). As of 1990, 30 differential 
systems were operational throughout the world, including the Atlantic coasts of Europe and Africa, the 
Mediterranean Sea, the Caribbean, eastern Canada, India, and Indonesia (Ref. 4). 


4.5.3 NAVSAT-Omega Integration 


Omega has been integrated with NAVSAT (TRANSIT satellites), This was one of the earlier 
integrations of Omega (Ref. 5) with another radionavigation system. NAVSAT is a satellite-based navi- 
gation system with a positioning accuracy on the order of a fraction of a mile, as compared to the 
2to 4nm accuracy of Omega. 


Because of the polar orbits of the satellites, a fix is typically available only every 2to 5 hr. Here is 
an example of a system with much higher accuracy than Omega but which may not support certain 
operational requirements because of the rather long interval between fixes. Therefore, NAVSAT can be 
used to periodically estimate the error in Omega and the corrected Omega can be used between NAVSAT 
fixes toe provide improved navigation accuracy. 
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If the system is being used on aslowly moving ship, the Omega errors will not build up too rapidly 
and there will be a net improvement in position accuracy over the duration of the mission. In effect, 
NAVSAT permits the observation and correction of the Omega propagation errors at each NAVSAT fix. 
Because of the temporal and spatial correlation associated with Omega errors, the corrections are valid as 
simple bias corrections between NAVSAT fixes. This integration can be accomplished quite easily witha 
Kalman filter. . 


It should be obvious at this point that there are numerous advantages in performance and opera- 
tional capability afforded by system integration to form a hybrid navigation system. The integrated per- 
formance has the potential to be better than any of the systems operating in a stand-alone operational 
mode. In practice, however, the accuracy of most integrated systems tends to be dictated by the highest 
accuracy source of position information. In many cases the operational advantages tend to outweigh the 
accuracy gains. The computational capability, high speed and relatively low cost of modern digital com- 
puters make such systems both practical and affordable. 


Entire books are written un ihe subject of integration and hybrid systems. The objective here has 
been to simply present the basic fundamentals of practical integration techniques and to provide some 
operational system examples. 


4.6 POSITION ACCURACY 


Specifying the position determination accuracy obtained from the use of Omega signals is quite 
complex for a variety of reasons. First, it must be kept in mind that Omega is a worldwide navigation 
system so that accuracy depends ou ihe region of operation and the associated geometry to the stations, 
time of day, available stations/signals, navigation equipment, external aiding (if used), integration with 
other equipment, and operational procedures. Position error data at fixed sites has been collected and 
analyzed (Ref. 6), but it is difficult to translate this information to specific navigation errors, where the 
space and time dependence of position errors are mixed and operational procedures are highly variable. 


Omega position error can be traced to a variety of sources, including station synchronization off- 
set, receiver dysfunction (e.g., lane slip/jump), operator mistakes (e.g., initialization coordinate inser- 
tion error), and temporal anomalies (e.g., a PCD). The predominant error source, however, is the 
propagation correction (or PPC). Recall that the PPC is a predicted quantity obtained from tables or 
algorithms, and is applied to the measured phase to transform from the highly complex, “real-world” 
phase variation to the “nominal phase” which varies Jinearly with distance. 
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The PPCs are obtained from a semi-empirical model/algorithm (see Chapter 9) of Omega signal 
phase behavior which is calibrated largely from phase measurements at globally distributed fixed 
Omega monitor sites. Analysis of these measurements can thus reveal important features of Omega 
phase behavior as well as provide insights into PPC error. A basic property indicated by these measure- 
ments is that, at a fixed location, Omega phase (and phase error) generaliy exhibits a larger variation over 
_ 24 consecutive hours than over a year at a given hour. Because the observed phase measurements show 
little systematic change over a month or half-month at a fixed hour, the average observed phase over 15 
to 30 consecutive days is a robust aggregate measure of the phase for a given hour and specific month (or 
. half-month). The predicted phase (obtained from the PPCs) over the same time period is nearly constant 
but often differs significantly from the average observed phase. This difierence is referred to as the PPC 
bias error, which varies in magnitude from 0 to 30 cecs. Also occurring in this 15- to 30-day period at a 
fixed hour are random (non-systematic) day-to-day variations in the observed phase on the order of | to 5 
cecs. Since these random variations (which are due to ionospheric fluctuations) are not reflected in the 
PPCs, they make up the random component of PPC error. Measurements also indicate that the random 
phase error due to ionospheric fluctuations is usually much larger than the phase error due to interfering 
noise in the signal processing bandwidth of the receiver (Ref. 7, Appendix A) which is typically 1 cec. 


When processing phase measurements to determine position, the bias and random components 
of phase error produce corresponding bias and random components of position error. Transformation of 
the phase error to position error depends upon the individual phase errors of all signals processed by the 
fix algorithm and the geometrical configuration of the receiver and stations corresponding to the 
received signals. Because this is a rather complex process, simplifying approximations have been 
adopted by the user cominunity to enable the approximate characterization of expected Omega accura- 
cy. If the magnitude of the random phase errors is assumed to be the same for all signals received and the 
bias error is assumed to be zero, then the radial position error standard deviation (d,) can be obtained by 
multiplying the phase error standard deviation (og) by the GDOP figure of merit. For a least-squares 
method of position determination, in the multiranging mode, the following dimensionless form* of 
GDOP (Ref. 7, Appendix B) is obtained: 


1/2 


> > sin? (254) 


a 
YD > sin? (254) sine 254) sine(*54) 


i=l jsitt keytl 


=i 
GDOP 7 


*Dimensionless GDOP = o,//Agg ) where A = signal wavelength. 
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where g is the number of usable signals received and f; is the geographic bearing of the signal path to the 
it station (corresponding to the it" usable signal). The GDOP becomes very large whenever at least g—1 
-Stations have bearings which are nearly equal. Another interesting property is that the GDOP for gq sta- 
tion signals is never greater than the GDOP for any subset ( 2 3 stations) of g. This means that, for least- 
_ squares position processing, the use of additional (usable) signals does not degrade, and most often 


_ improves, the resulting position accuracy. It is important to remember that GDOP is only a figure of — 


merit and its utility for predicting position error given phase error is subject to the stated assumptions. 


It is instructive to look at the position errors associated with actual phase measurements for dif- 
ferent combinations of stations to illustrate the bias and random positicn errors, hour-to-hour variations 
in the position accuracy and the correlation of the observed error with the computed GDOP. Figure 4.6-1 
illustrates the north/east position error derived from PPC-corrected phase data recorded at the monitor 
site in Hawaii, using the indicated stations. Each plot point represents the mean position error (using a 
least-squares algorithm) at a given hour of the day, based on an average of data recorded over 15 days. 
The indicated mean is the error that a user would expect to encounter at a given hour of the day during the 
first 15 days of January at the Hawaii monitor site. The open-circle plot points are local-day hours and 
the crosses are local-night hours; notice the shift in the grouping of day/night errors, which is character- 
istic of Omega. 


The lower right panel of Fig. 4.6-1 also shows the standard deviation (radius of circle around 
each mean value) of the error at each hour, which illustrates the expected day-to-day variation of the 
position error at the given hour. Notice that the spread, or scatter, of the hourly mean error tends to be 
greater for station combinations with a larger GDOP. Also, the specific errors are a function of the sta- 
tions used in the solution. Figure 4.6-1 is representative of the position error encountered by an observer 
on a stationary platform. A craft moving through the regiou would encounter these errors. However, as 
the craft moves away from Hawaii, the fix errors will change due to the spatial variation of the fix geome- 
try and propagation conditions. Although the specific errors change along the track of the craft, the 
(statistical) characteristics of the errors will be similar to those illustrated in Fig. 4.6-1. 


For moving vehicles performing navigation, the bias position error can be effectively removed 
by initializing at a known location, leaving only phase error due to noise during the initial segment of the 
mussion (30 minutes to one hour). However, the paths from the stations to the receiver eventually change 
(both in space and time) enough so as to become decorrelated with the initialization conditions and the 
initial correction no longer applies. From the initialization time until the next position update, the 


Omega position solution is subject to phase bias and random errors and the associated magnification of 
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Figure 4.6-1 Position Error Using Phase Data Recorded During 
January at Hawaii Monitor Site (10.2 kHz) 
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these phase errors by GDOP. Omega-only accuracies have been reported for aircraft (measured when 
the aircraft comes under radar control at the termination of the flight) of 2.7 to 3.3 nm, 95% of the time 
(Refs. 8 and 9). 


When integrated with navigation aids other than true air speed and heading, Omega receivers 
exhibit accuracy figures that differ considerably from those obtained in a stand-alone mode. In the usual 
case, Omega is combined with a sensor having an intrinsically higher absolute position accuracy, but 
providing data at discrete times, As acontinuous navigation aid, Omega data provides incremental posi- 
tion data between the discrete times. In these cases, the accuracy of the integrated system (averaged over 
all times) ds:pends on the length of the interva]s between the discrete times, but will be bounded by the 
unaided Omega accuracy and the higher accuracy of the auxiliary sensor. 





4.7 


PROBLEMS 


1; 


" associated with range rneasurements unbiased, random and uncorrelated with equal 


Given the indicated geometry with two transmitters, (T; and T2) identify the receiver 
locations (A-F) that will provide: 


a. The best position accuracy | 
“b. The worst position accuracy PS TOR he eS aes Oe ene ee ae oe ew ee, Ap oe Rog © 


Assume a range-range position-fix algorithm and assume that the errors 


standard deviations. Base your decision on geometry (crossing angle) consideration 
and give your rationale for each selection. 


c. Is the accuracy at E expected to be better than the accuracy at B and why? 
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a 


a. Using the geometry and definitions shown in the ‘figure, show thai the range- 
range GDOP is 


ir 


GDOP = ——. 
sin® 
under the conditions: 
: ‘ _ Op m ve 
- GDOP = Ge peepee ee. Ade f ee ee 


Range measurement errors 1 and €2 are unbiased, random 
and uncorrelated 


x, y are the rectangular coordinates of position. 


Recall that g? = E(x} + yp] where E{ } denotes expected value 


b. Use the GDOP formula to compute the GDOP for each user position indicated in 
Problem 1 and compare with your answers in Problem 1. 
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3. The hyperbolic GDOP for three range difference measurements with random, 
unbiased and uncorrelated errors on each range measurement is: 


Co 1 1 cos(@/2) 
GDOP 2 Sel ee ee 
a O; /2 sin(@;/2) sin?(@, /2) sin?(9,/2) sin, /2) sin(6,/2) 


- ——--—-=- where 


OG, = standard deviation of the measurement error associated with each range 


Op = standard deviation of radial position error 


G-30625 
10-2-92 


a) In-line Station Geometry b) Delta Station Geometry 





a. Assume that you are a navigator at point A and you want to navigate to point 
B using a hyperbolic navigation system. Which of the two station geometries 
(a or b) would you select and why? 


b. What is the GDOP for the delta station geometry in (b) assuming that the station 
baselines are of equal length and you are located equal distance from each sta- 
tion? Is this the minimum GDOP for this station geometry? What is the GDOP 
if you are located on the midpoint of the T; -- Tz baseline? Confirm that a hyper- 
bolic fix can be obtained on a baseline. 


c. Based on the results obtained from (b), compare the hyperbolic GDOP with the 
range-range GDOP. Is the minimum range-range GDOP smaller or larger than 
the minimum hyperbolic GDOP? 
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Show why the lane width of Omega in the hyperbolic mode on the baseline is only 
half the corresponding lane width in the cho-rhio wide, What iappens tu the hyper- 
bolic lane width at all operating points chat are not on the baseline. 


Explain why Omega can be used aboard a submarine to compute a hyperbolic fix 
with a submerged antenna but cannot be used in the rhio-rho rode. What is the 
approximate wavelength of the 10.2 kHz signal inthe water, (Hint: the signal attenu- 
ation rate at 10.2 kHz in seawater is approximately 1 dB/ft and the signal phase shift 
is approximately 2 cec/ft. Due to refraction, the propagation direction is nearly 
vertical.) 


Use the matrix formulation of the least-square position fix algorithm to show that 
a rho-rho fix cannot be determined a) on the baseline extension or b) by using two 
measurements from the same station. (Assume that the local clock is perfect.) 





48 ABBREVIATIONS/ACRONYMS 


cec — Centicycles(s) 

dB — Decibel(s) 

GDOP — Geometric Dilution of Precision 
Hz —- Hertz 

‘INS = = — Inertial Navigation System 7 
kHz — Kilohertz 

km — Kilometer(s) 

kt — Knol(s) 

LF — J.ow Frequency 

1OP — Line of Position 

m — micter 

min -— Minute 

Mm —: Megameter(s) 

Navstar GPS -~-- Navstar (Satellite) Global Positioning System 
nm — Nautical mile 

PCD — Polar Cap Disturbance 

PLL — Phase-Locked Loop 

PPC — Propagation Correction 

RMS -— Root Mean Squared 

SNR. — Signal-to-Noise-Ratio 

VLF “— Very Low Frequency 
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CHAPTER 5 
OMEGA SIGNAL PROPAGATION THEORY 


_ Chapter Overview — The signals radiated by an Omega transmitter reach a receiver by 
traveling (propagating) through the earth-ionosphere (EI) waveguide formed along the 
great-circle path from the transmiiter to the receiver. The electromagnetic properties of the 
waveguide vary along the signal path. Furthermore, the earth's magnetic field makes the 
ionosphere a magnetized plasma which, in turn, introduces anisotropic behavior to Omega 
signals. This chapter presents VLF signal propagation concepts/mechanisms relevant to 
understanding Omega signal propagation characteristics. Section 5.1 gives an overview 
of the VLF propagation environment and discusses alternative approaches to describe and 
model VLF signal propagation behavior. The electromagnetic properties of the EI 
waveguide are reviewed in Section 5.2. Because of the complex nature of the El 
waveguide, Section 5.3 presents waveguide propagation mechanisms for a rudimentary 
model of the EI waveguide. This includes waveguide-mode definition and development of 
the waveguide-mode equation. Section 5.4 applies the waveguide propagation mecha- 
nisms to an idealized EI waveguide with homogeneous properties, including a constant 
geomagnetic field. Section 5.5 describes an approach to approximate the real-world El 
waveguide as a concatenated series of homogeneous segments and presents the signal 
field computation expressions for the real-world waveguide. As some readers may not be 
familiar with the fundamentals of kasic electromagnetic theory needed to understand the 
subject material, three appendices to the chapter (Sections 5.6 through 5.8), containing 
these principles, may be consulted as needed. In particular, Section 5.6 describes the 
electromagnetic field units/dimensions and reviews the scalar/vector field representations 
and mathematical tools used to describe the fields. Section 5.7 reviews the basic 
electromagnetic principles and fundamentals relevant to wave propagation. Section 5.8 
presents the equation for the electromagnetic field excited by a source in an El waveguide. 
Abbreviations and acronyms are defined in Section 5.9, and the chapter references are 
identified in Section 5.10. 


5.1 INTRODUCTION 


This chapter presents mode theory based VLF signal propagation concepts/mechanisms rele- 
vant to understanding Omega signal propagation characteristics. The concepts/mechanisms invo.ve 
scalar and vector quantities. In this chapter, scalars are denoted by italic Greek or italic English charac- 
ters such as a, 9, e, or E; vectors are represented by bold Greek or bold English characters, such as H, ore; 
while matrices are represented as upper-case roman English characters, such as R. Roman English let- 
ters are used for multiple character symbols that refer to standard functions, such as sin x, while numeri- 
cal digits are always roman. Subscript and superscript variables, except for numerical digits, and 
coordinates axes appear in italics. 
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Omega is a long-range, ground-based radionavigation system operating in the very low fre- 
quency (VLF) band* between 10 and 14 kilohertz (kHz). The signals radiated by an Omega transmitter 
reach a recc iver by propagating through the space between the earth’s surface and the lower part of the 
ionosphere (the D-region). The space acts as a waveguide and is frequently referred to as the “earth- 
ionosphere” (EJ) waveguide. VLF signal propagation in an EI waveguide is analogous to microwave 
propagation ina lossy waveguide. The height of the EI waveguide varies between about 70 krn in day to 
90 km at night. Because the waveguide height is comparable to VLF signal wavelengths, approxi- 
mately 30 km at 10 kHz, the characteristics of a signal propagating along a transmitter-to-recciver path 
are functions of the electromagnetic properties of the boundaries of the E] waveguide formed along the 
signal path. 


The spatial and temporal characteristics of a propagating signal along a path can be obtained by 
applying Maxwell's equations (see Section 5.7) to the path waveguide boundaries. The EI waveguide is 
a spherical waveguide with spatially varying ground conductivity of the earth's surface, and spatially 
and temporally varying ionospheric conductivity, along with the earth's spatially varying magnetic field 
(also called geomagnetic field) which affects the signal as it interacts with the ionospheric boundary. 
Exact electromagnetic ficld solutions in such a waveguide are extremely difficult to obtain. Several ana- 
lytical approaches (with corresponding computer programs; see Appendix A) have been developed for 
determining approximate full-wave solutions’ for VLF signal propagation in the waveguide (Refs. 1 
through 5). These approaches are based mostly on “‘wave-hop” theory (Ref. 6) or, by the mathematical 
equivalent, “mode theory” (Refs. 7 through 12). 


The wave-hop theory represents a signal at a point (receiver) as a surn of the groundwave (i.e., the 
wave that results in the absence of ionosphere, as in the Loran-C system) and a series of “wave-hops” 
(also called skywaves) reflected from the ionosphere and earth's surface by successive wave-hops, as 
shown in Fig. 5.1-1, The wave propagation is described by wave-hops that are reflected according to the 
rules of geometric optics. In the figure, the received signal is composed of the groundwave (not shown) 
and three wave-hops (j = 1,2, and 3). Note that wave-hop is reflected j times from the ionosphere and 





*The VLF band includes frequencies from 3 to 30 kHz. 


5A full-wave solution means Maxwell's equations have been applied to the problem without any 
approximations relative to the variability of electromagnetic properties of the wave propagation 
medium (Ref, 11), These properties can vary significantly for Omega signals over a distance of 
the signal wavelength. If, however, the path properties do not vary significantly over a wave- 
length, as is usually the case for the low- and high-frequency propagation signals, one could use 
the conventional ray or geometrical optics theory. 
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* “Transmitter Receiver” 3 


Figure 5.1-1 Diagrammatic Representation of Wave-hops 


(j — 1) times from the earth’s surface. This description is of particular interest when the distance (0) 
between the transmitter and receiver is relatively short, e.g., @<1000 km for Omega signals. For these 
short distances, it is usually enough to consider the wave-hops that have been reflected from the iono- 
sphere two or three times. The number of wave-hops needed to represent a signal increases as @ 
increases. Because Omega is along-range navigation system with signals propagating over distances of 
10-15 thousand kilometers, currently available propagation algorithms based on wave-hop theory are 
not practical for Omega/VLF signal description. 


Although elements of mode theory are not easily visualized as those of wave-hop theory, mode 
theory provides a useful model for certain characteristics of VLF propagation, such as “‘modal interfer- 
ence” (Section 5.5.2). In mode theory, the signal along a path is represented as a sum of the “normal or 
characteristic modes” of the EI waveguide formed along the path. A sketch of the electric field pattern of 
a VLF signal propagating in an EI waveguide is shown in Fig. 5.1-2. At short distances (500-2000 km), 
from a transmitter, called the “near-field region” of the transmitter, the signal field pattern (see 
Fig. 5.1-2) is generally complicated (irregular) due to the signal being a sum of several competing 
strong-amplitude modes of the waveguide. However, at longer ranges (several thousand kilometers 
from a transmitter) along most signal paths, the signal is dominated by its Mode 1 (the lowest-order 
mode) component as the signal's higher-order mode components are attenuated much more rapidly than 
Mode 1 component. The signal pattern is therefore much more regular (approximately Mode j signal 
pattern) at the longer ranges. 
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Figure 51-2 Electric Field Patterns Within the Earth-lonosphere Waveguide 


§.2. THE EARTH-IONOSPHERE WAVEGUIDE 


From the Omega transmitting station source (antenna), Omega signal waves propagate outward 
inside the space between the earth’s surface and ionosphere with circular wave frorts as shown in 
Fig. 5.2-1(a), assuming a spherical and homogeneous earth, and an isotropic and homogeneous iono- 
sphere. The wave front is a constant phase surface. Ifa single point along any circular wave front is 
selected as a receiver, a signal path is defined between the transmitter and receiver as the shorter of the 
two great-circles arcs between the transmitter and receiver (see Fig. 5.2-1(b)). It is the electromagnetic 
properties of the earth’s surface and the ionosphere medium along this path that determine the signalfield 
characteristics detected at the receiver. 


Figure 5.2-2(a) shows a side view of the earth-ionosphere waveguide formed along a typical 
short path, TR, shown in Fig. 5.2-2(b). The path is a mixed-conductivity, mixed-illumination path. Path 
segments TA, AB, BR, have day, transition, and night illumination conditions, respectively. The next two 


subsections describe the electromagnetic properties of the lower and upper boundaries of the wave- 
guide. 
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Figure 5.2-2 Earth-Ionosphere Waveguide nec 








5.2.1 The Lower Boundary — The Earth’s Surface 


The earth's surface consists of many different substances such as sea water, soil, and ice. The 
electromagnetic properties of the lower boundary are described by its two parameters: the ground con- 

| ductivity,* @, and associated relative permittivity, €r = €/€ 9.8 The conductivity relates the electric 
field to the electric current flowing in the earth’s surface, and relative permittivity relates the electric 
field to the electric flux density in the earth’s surface; see Section 5.7). These parameters vary with loca- 

-tion on the earth’s surface. Each paramieter at a location is the average value of the local parameter over a 
distance of several skin depths’ below the earth’s surface (see Section 5.7). A worldwide, ten-level, 
ground conductivity map is available (Ref. 13) for use in the VLF signal calculations. The map is 
derived from empirical data, and theory wherever empirical data were unavailabie. Typical values of the 
parameters for the various types of earth materials are given in Table 5,2-1. 


Table 5.2-1 Typical Conductivity and Relative Permittivity of the Harth’s Surface Materials 


RELATIVE 
CONDUCTIVITY, 2 , 
(mholm) | PERMITTIVITY, 


e,=e/€o 





“Dimensionless quantity. 


Note that the table includes values of o/we of the earth materials for the signal frequency 
(f == 9/2) of 10 Hz. The o/we is the ratio of “conduction current” and “displacement current” 
flowing through a material. The current through a pure resistor is the conduction current, while the cur- 
rent ‘through’ a pure capacitor is the displacement current (c.f. Ref. 19). A material is said to be a good 
conductor at the frequency f(= w/2) ifithas o/we >> 1. From the table, we note that, except for 
*Conductivity is proportional to the reciprocal of the resistance. 
5 It is the permittivity relative to the free-space permittivity, €) (= 8.854 x 10~!2 farad/meter). 


T At 10 kHz, the skin depths for sea water (@ = 4 mho/m), rich damp soil (o = 10-2 mho/m) soil, and 
fresh-water ice (9 = 10° mho/m) are approximately 2.5, 50, 112, and 1590 meters, respectively (see 
Section 5.7.6). 








the tundra and fresh-water ice regions, the earth’s surface is areasonably good conductor at Omega/VLF 
signal frequencies (10-30 kHz). 


Notice that the ground conductivity of the earth’s surface varies more than five orders of magni- 
tude (i.e., 105) while the associated permittivity varies by an order of magnitude. The waveguide modes 
which have electric field vectors nearly perpendicular to the earth’s surface carry most of the Omega 
signal energy and are most affected by the ground conductivity variations. The propagating signal in an 
EI waveguide is attenuated (i.e., the signal energy is lost due to path properties’ effects) by as little as 
0.5 dB (decibel) per 1000 km over sea water and as much as 30 dB per 1000 km over fresh-water ice. 
This large attenuation rate at Omega frequencies is the source of the term “Greenland shadow,” 
especially in connection with the Norway Omega station signals, as observed in North America. 


5.2.2 The Upper Boundary — The Ionosphere 


The earth is surrounded by an ionized region above the neutral atmosphere called the iono- 
sphere, which has an extremely important influence upon the propagation of radiowaves at very low 
frequencies as well as in other frequency bands. There are several sources of ionizing energy which tend 
to produce charged particles, ions, and free electrons from the neutral air molecules (Refs. 8, 9, 14, 
and 15). The fundamental source of ionization is the sun, with other stellar objects as secondary sources. 
Ion-neutral collision, excitation, recombination, and diffusion control the amount of ionization at a 
given location. The ionosphere extends from about 50 to 1000 km above the earth’s surface. Since dif- 
ferent solar radiation frequencies are most active as ionizing agents in different height regions, there are 
several ionospheric regions: the D-, E-, and F-regions. The ionosphere layers differ in several proper- 
ties: constituent particle composition and density, principal sources of ionization and recombination 
mechanisms, and profiles (distribution with height) of particle density and collision frequency. Propa- 
gation of VLF radiowaves to great distances is made possible by the high reflectivity of the lower iono- 
sphere, i.e., the D-region and the lower E-region which extend from 70 to 100 km above the earth’s 
surface. The latter is due to the relatively sharp gradient of the electron density in the D-region of the 
ionosphere (see Fig. 5.2-3). 


The structure of the ionosphere is quite sensitive to the net incident solar illumination. During 
the day, solar photoionization maintains a small but stable ionized component between. 70 and 80 km. 
The amount of ionization depends inversely on the angle between the sun and the local solar zenith 
angle, i.e., the maximum ionization occurs at a solar zenith angle of 0 deg. For the nighttime ior osphere, 
the only major source of ionization is radiation scattered from the dayside, which has much smaller solar 
fluxes than direct solar radiation. As a result, the nighttime D-region almost entirely disappears, so that 
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Figure 5.2-3 Electron Density for Sunspot Minimum Latitudes (Ref. 16) 


VLF waves are effectively reflected from the boitom of the F-region (80 to 90 km). The solar control of 
the ionosphere is the source of the strong diurnal dependence of Omega/VLF signal propagation. The 
ecfective height of the El waveguide increases 15-20 percent from day to night, leading to substantial 
differences in received signal characteristics over the same path. 


The electron density and the etfective electron collision frequency (average nun.t 
per secund with neutral particles) of the D-region determine the characteristics of proz . 
waves, The ionosphere is not, in general, homogeneous, especially in the direction perpen. . . the 
earth’s surface where both the clectron Gensity and ciectron couision frequency vary with heigh.. For 
VLF signal calculations, the D-region ionosphere is modeled by the toilowing exponential 
heignt-dependent jonospheric conductivity profi:e (Rets. 5 and 7) 


wz) = 2.5 x 165 exp [Blz _ h’)| (3,2-1) 


where z is the altitude (km) above the earth's surface; A is the ionospheric conan.4i ity, «nent (kravl): 
wid h' is areterence Leight (km), also called the reference reflection height. Typical values of #" are 
km in day and 87 km ac night, and B is 0.3 uu! in day and 0.3-0.5 km“! at night. The h’ and B 
provide a convenient, but approximate, means of describing the averaged :onosphere conductivity, 


which is eg ial lo €9w,.* approximately 10° mho/m Thus, isotropic ionasphe:e iv a very poor conduc- 


tor at VLE, compared to sea water which has conductivity of 4 mho/m. 








The above model is more a description of the mid-latitude ionosphere. The ionosphere in the 
higher-latitude (auroral/polar) and lower-latitude (equatorial) regions is quite different from the mid-lat- 
itude ionosphere. Some researchers have suggested the use of latitude-dependent h’ and values which 
are functions of season, in addition, to the solar illumination condition (Refs. 17 and 18). 


The action of the earth’s magnetic field on the constituent charged particles makes the iono- 
sphere a magnetized plasma. This introduces anisotropy into the behavior of VLF signal waves interact- 
ing with the ionosphere, i.e., the signal propagation characteristics depend upon the direction of signal 
propagation, in addition to other isotropic ionospheric properties. Because of this anisotropy, a wave 
travcling from east to west (perpendicular to the geomagnetic field) is reflected much less efficiently 
from the ionosphere relative to west-east propagation. In contrast, signals propagating purallel to the 
geomagnetic field (i.e., north or south) are unaffected by a 180-degree shift in the signal propagation 
direction. Because the anisotropy is strongest on paths perpendicular to the geomagnetic field, this phe- 
nomenon in which signals propagating to the east having )ower signal attenuation than those propagat- 


ing to the west is often referred to as the “east-west effect.” 


Orientation and magnitude of the geomagnetic field are the parameters of interest to VLF signal 
propagation, The field orientation at a local path point is conveniently characterized by the local dip 
angle, D (or, alternatively, the local geomagnetic latitude, @,,) and the local path azimuth, £,,, (bearing 
from the geomagnetic north). Dip angle is the angle between the geomagnetic field vector and its hori- 
zontal] component, Geomagnetic latitude and dip angle at a point are related to each other (based on an 
earth-centered dipole field) by the relationship: 2 tan 6, = tan D. Figure 5.2-4 i!lustrates the dip angle 


and ph avimeth at a local path point, P. 
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Figure 5.2-4 Path Azimuth and Dip Angle at Path Point P 


5.3 GUIDED WAVE PROPAGATION 


The earth-ionosphere waveguide is anextremely complex waveguide due to its spatially varying 
properties, some of which are also anisotropic, thus introducing propagation direction-dependent signal 
behavior. To better understand wave propagation phenomena in an EI waveguide, we will analyze a 
rudimentary model of this waveguide. The model] to be considered is a waveguide with parallel bound- 
aries (planes), each vith) uniform and isotropic properties; we will call the model the isotropic/planar 
waveguide. Specifically, in tnis section, we will describe what a “mode” is and develup the “mode equa- 
tion” for an tsotroy... planar waveguide. Also, we will present electromagnetic fields of the modes in 
this wavy ,uide as well as in 2 specu! case of this waveguide. As the real-world EI waveguide has aniso- 


tropic propertics, we will extend the isotropic/planar waveguide mode equation to the EI waveguide. 





Note that waveguides, in general, are structures which guide propagation of radiowave signals. 
Everyday examples of waveguides are electrical transmission lines bringing electrical power or tele- 
phone service to homes and coaxial cables bringing TV information from the cable companies. In study- 
ing guided waves in a waveguide, it is common to classify the wave solutions (of Maxwell's equations) 
_into the following types (Ref. 19): 

e Waves that contain electric field but no magnetic field in the direction of propaga- 
tion. Since the magnetic field lies in the transverse plane, they are called the trans- 


verse magnetic (TM) waves. They have also been referred to as €-waves or waves 
of the electric type. 


e Waves that contain magnetic field but no electric field in the direction of propaga- 
tion. These are known as the transverse electric (TE) waves, and have also been 
referred to as the h-waves or waves of the magnetic type. 


In the EI waveguide, the ground-‘ascd vertical electric monopole antennas, such as the Omega 
transmitting antennas, excite mostly TM modes in the waveguide; while, airborne antennas with hori- 
zontal electric dipoles excite mostly TE modes in the waveguide. Figure 5.3-1 illustrates the vertical 
(denoted by the subscript V on a field quantity), transverse (denoted by the subscript 7 on a field quanti- 
ty) and longitudinal (denoted by the subscript L on a field quantity} components of the electric (E) and 
magnitude (H) field vectors of the TM and TE modes. The figure also shows the height-dependence of 
Ey of TM modes and Er of TE modes. Note that the electric field (Ey) of the TM modes is largest at the 
ground while the electric field (Ey) of the TE modes is zero at the ground. 


The above is not the only way in which wave solutions may be categorized, but is a useful way in 
that any general field distributions excited by a source in a waveguide may be divided into a possibly 
infinite nuinber of the above types with suitable am: litudes and phases. The propagation constant, also 
called wave nuniber, of each of these waves tells how an individual wave changes its amplitude and 


phase as it travels down the guide, so that these waves may be superposed at any later position/time to 
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give the total resultant signal field. In principle, only one of the possible infinite number of these waves 
may propagate in the guide if it alone is excited and if guide conditions are favorable for its propagation, 


§.3.1  Isotropic/P!anar Waveguide 


Consider an isotropic/planar waveguide, whose side view is shown in Fig. 5,3-2, with the lower 
‘boundary (an idealized planar earth’s surface) at z = 0 and the upper boundary (an idealized planar iono- 
sphere bottom) atz = A, the height h of the waveguide is two or more signal wavelengths, which means a 
minimum height of 60 km at Omega frequencies. The waveguide signal propagation direction is in +x 
direction and the waveguide is infinitely long in the ty directions and thus has no side walls. Both 
boundaries are assumed to have homogeneous (uniform) and isotropic properties, and the medium 
inside the waveguide is assumed to be free space (vacuum). Let the waveguide be excited b«’ a small 
(relative to signal wavelength) vertical electric monopole antenna located at the earth's surface (z = 0)in 
the waveguide. Thc signal radiated by such a source is composed of the three parts: electrostatic, induc- 
tion, and radiation. The first two parts dominate the total field for distances of up to one wavelength from 
the source (approximately 30 km at 10.2 kHz), beyond these distances, the third part dominates. The 
third, or the radiation part, provides the energy carried by the waves propagating in the waveguide. A 
further discussion of the source signal field components is given as an appendix to this chapter, 
Section 5.8. 


The radiation part of the signal field has vertical electric field component of the form 


3 cos(wt — ko) 


where g is the radial distance from the source; w = 27f, f= frequency; r = time; and kp (= 277/Ao) is the 
propagation constant in free space, where Ay is signal wavelength in free space. The radiated part of the 
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Figure 5.3-2 Planar Waveguide Geometry 
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signal field produces waves with approximately spherical wave fronts. By the time the waves are inci- 
dent on the upper boundary (the ionosphere), the wave front radius of curvature is so large that the wave 
fronts can be considered approximately planar, as shown at points A and B in Fig. 5.3-3. Therefore, dif- 
ferent points along the ionosphere boundary can be viewed to receive plane waves which appear to be 
coming at different incident angles from the source. For example, at points A and B in Fig. 5.3-3, the 
"plane waves appears to be corning at incident angles 8, and @p, respectively. Upon reflection from the 
ionosphere boundary, each of the incident plane waves undergoes successive reflections from the lower 
and upper beundaries of the waveguide as the wave moves down the waveguide. a 


There are certain plane wave incident angles for which the waveguide exhibits the “resonance 
condition,” as described later in this section. That is to say, a plane wave incident at any of one of these 
angics leads to a propagating wave down the guide. This is due to phase coherence in the wave fronts of 
the reflected upgoing and downgoing plane waves in the guide (see Fig. 5.3-1). A plane wave, incident 
at any angle other than the resonance condition angles (e.g., at Oc in Fig. 5.3-2) has negligible amplitude 
in the guide duc to destructive interference between the phase fronts of the reflected upgoing and down- 
going waves in the guide. Thus there is no resulting propagating mode for the plane wave incident at 9c. 
The signal field “configuration,” i.e., the spatial variations of the electromagnetic fields in the plane per- 
pendicular to the wavegnide propagation dircction, of each propagating wave at a fixed time is called a 
mode, and the resonance condition is expressed as the mode equation. 


For developing the resonance condition (Ref. 10), consider a plane wave, with the propagation 
constant kg, incident at the ionosphere at an angle @ fiuim the vertical (z-axis) as shown in Fig. 5.3-1. Let 


R8(Q) and R'() be the reflection coefficients of the plane waves incident at the ground and ionosphere 
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boundaries, respectively, at an angle 6 at either boundary. Furthermore, let the upgoing wave, U), in the 
waveguide has the field dependence, in complex notation, of the form 


F, = Foexp fiwt — k-r] (5.3-1a) 


_ where exp (iwt) is the assumed complex time dependence; i = y-1 ; Fo is the amplitude of the wave; 
and the propagation constant vector, k called wave vector whose magnitude is called wave number) and 
distance vecior r are given by , 

: — k = ky (X sinO + ¥ cos @) 

r=xxt+ Vy 


where X and ¥ are the unit vectors along the x- and y- coordinate axes, respectively, of the rectangular 
coordinate system (see Section 5.6); x, y are the magnitudes of the distance vector r along the x- and 
y- coordinate axes; ko is the propagation constant (wave number) in free space. Substituting kg and r in 
Eq. 5.3-1(a) gives 

F, = Fo exp jie — iko(xsin @ + zcos 6)| (5.3-1b) 


Since all field quantities will have the same time dependence, we will henceforth drop the time depen- 
dence term from the field expressions, unless otherwise noted. When the upgoing plane wave U, meets 
the ionosphere boundary at z = h, it is reflected to produce a downgoing wave, D., with the field 
component 


F, = Fy exp [-ik, (xsin 8 — zc03 6)| (5.3-2a) 


At the ionosphere boundary (z = h) of the waveguide, F2 must be equal to Fy R'() which requires that 


Fy = Fo R'(@) exp (-2ikghcos 8) 


Therefore F2 in terms of Fo and R'(@) is given by 
F, = Fy R'(Q) exp [-ikp(xsin 6 — zcos 6) ~ 2ikghcos 6] (5.3-2b) 


The downward wave D, is then reflected from the earth’s surface boundary (z = 0) of the waveguide 
and gives rise to the upgoing wave U, in which the field component is 


Fy = Fy exp [-ikg(xsin 6 + zcos 6)| (5.3-3a) 
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At the earth’s surface (z = 0) F'3 must be equal to F2 R8(6) which requires that 
Fy) = Fo R&(0) 
= Fy R'(0) R8(8) exp (—2iky heos @) 





~-~—Therefore F3 in terms of Fo, Ri(@), and R&(@) isgivenby = 
= Fy R89) R'@) exp |-iko(xsin @ + zcos @) — 2ikyhcos 6] (5.3-3b) 


For U,, D., and U3 waves to represent the upgoing and downgoing components of a self- 
consistent traveling wave in the waveguide (see Fig. 5.3-1), U3; must be identical to U, except for a 
phase change* equal to an integral number (p) of 27 radians. Mathematically, it means that 


R8(6) R'(@) exp (-2ikyhcos@) = exp (-2inp) (5.3-4) 

where the reflection coefficients are complex quantities as described below 
| R&(6) = IR&(6)| exp (ib) (5.3-5a) 
R8(6) = IR‘)! exp (i¢') (5.3-5b) 
where #8 and @? are real quantities. Equation 5.3-4 is the resonance condition for the propagating modes 
of the waveguide. It is a fundamental equation of mode theory and, in general, involves complex quanti- 


ties. It has a unique complex angle solution, 8, for each integer value of p. The angle 8, is commonly 
referred to as the eigenvalue or eigenangle of the p'* mode. 


The mode equation, Eq. 5.3-4, is conveniently written as a set of the following two expressions, 
obtained by equating the magnitude and phase terms, respectively, of both sides of the mode equation 
(Eq. 5.3-4): . 


IRE IR' = exp [-2kgh{Im (cos 6p)}| (5.3-6a) 
$8 +p! — 2kgh{Re (cos O,)| = -2np (5.3-6b) 


where Re ( } and Im () are real part and imaginary part, respectively, of the quantities in the paren- 
theses ( ); and! | denotes the magnitude of the quantity inside the bars ||, It is important to note that mag- 
nitude and phas- of R® and R!in Egs. 5.3-6a and 5.3-6b are dependent on the value of the physical angle 


*The minus sign must be used in the physically real case since F3 is one compete reflection farther 
along the propagation direction in the guide than Fy. 
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of incidence and therefore an iterative method must be employed to solve the mode equation. For anon- 


lossy waveguide, 6, is areal quantity and thus the mode equation for the non-lossy waveguide is given 
by Eq. 5.3-6b. 


A mode, as mentioned above, is formed by the upgoing and downgoing waves in a waveguide 


_and thus the field polarization of the resulting mode signal fields is the same as that of the constituent == =” : 


upgoing and downgoing waves. Hence, like the plane waves, there are TE and TM modes in a wave- 
guide. These modes, like the corresponding plane waves types, form a complete set of mathematical 
functions to describe a propagating signal at any point in an isotropic waveguide. 


Mode Signal Field Components — A mode signal in the waveguide, as noted earlier, is the result 
of the upgoing and downgoing plane waves forming the mode signal, as shown in Fig. 5.3-1. The mathe- 
matical expressions for the upgoing (U) and downgoing (D) plane waves of a mode are 


U 


U® exp [~iko(xsir 9 + zcos 6)| 


D = D° exp [-ikp(xsin@ — zcos 4)} 


Applying Maxwell’s equations (see Section 5.7) to the upgoing and downgoing waves of a mode, we get 
the electric field components (E,, Ey, E,) and magnetic field components (H;, Hy, Hz) for the p"" TM and 
TE modes as listed below for the EI waveguide shown in Fig. 5.3-1. 


The phasor expression for the field components 01 the p'" TM mode are (Ref. 19) 


Hyp = 2U® cos (kgzCp) exp (-ikoxSp) 


Il 


Exp = 2ingUp Cp sin (kozCp) exp (—ikpxSp) (5.3-7a) 
Ex = 2 Up Sp cos (kgzCp) exp (—ikotSp) 
The phasor expressions for the field components of pth TE mode are (Ref. 19) 


Eyp = -2iUP sin (kozCp) exp (-ikgxSp) 


-2iU® 
Hy = se ae sin (kgzCp) exp (-ikoxSp) (5.3-7b) 


-2iU? £4 : 
Hz, = jo Sp sin (kgzCp) exp (-ikyxSp) 





P Mode index 

US = p"mode dependent field 

{-1 

6, Eigenvalue (a complex quantity) of p* mode 

G COsOp 0 nce ce ns 
Sp sin, ay 


ug = c= (Vex) = Velocity oflightin an unbounded medium having the 
same dielectric properties as the waveguide propagation 
medium 


0 u/é = Characteristics impedance of an unbounded medium 
having the same dielectric properties as the waveguide 
propagation medium 


ko a = Propagation constant (wave number) of the signal wave 
0 in an unbounded medium having the same dielectric 
properties as the waveguide propagation medium. 
In the field component equations (Eqs. 5.3-7a and 5.3-7b), some of the field components have two sub- 
scripts, while other quantities have one subscript. For the two-subscript field components, the first sub- 
script indicates the x, y, or z component of the field and the second subscript denotes the mode index of 
the field. For example, Hy, denotes the y-component of H-field for p™ mode. 


We will now examine the spatial variations of the field components of the TM and TE modes in 
the waveguide shown in Fig. 5.3-1. The height (z)-dependence of the mode signal field components, 
called height-gain functions, is a cosine function in z for the TM modes and a sine function in z for the TE 
modes. As a result, the signal components at z = 0 (the earth’s surface) are zero for the TE modes and 
maximum for the TM modes. Although this height-dependent behavior is derived for an idealized EI 
waveguide, it is very nearly the same for a real-world EI waveguide. ‘This is the basis why Omega navi- 
gation employs the lowest-order TM mode for Omega navigation. 


The x-dependence of the field components is given by 


EXP (ikpSp) 


where S, (= sin @,) is a complex quantity for lossy waveguides and is real for non-lossy waveguides. 
incorporating the time dependence term exp (iwt), dropped earlier from the field equation, we get the 
x-dependence of the field components to be 


exp [i(we = koxSp)| 











For a lossy waveguide, the complex quantity 


Sp [Reat Part of (Sp) + i Imagery Part of (Sp) 


Re (Sp) + i Im (Sp) 
. The x-dependence of the field components thus becomes 


exp |iimt — kyx Re (S,) exp! — kyx Im (S,) 
First Term Second Term 


The first term of Eq. 5.3-8 provides the phase velocity with which the mode propagates along the wave- 
guide (the x-direcion); the second term describes the way the mode signal is attenuated exponentially 
with distance (x) along the waveguide as it propagates inside the waveguide. 


| If dp is the signal attenuation rate and f, is the propagation constant for the p'" mode, then 





Gp = ky Im (Sp) neper/meter (5.3-9a) 
Bp = ky Re (Sp) radian/meter (5.3-9b) 
The attenuation rate is sometimes expressed in decibels per megameter* (dB/Mm) of signal path length, 
as described by 
A (dB/Mm) = 20log;o/exp (-10° x a,)| 
(5.3-10) 
= -8.686 ky Im (5,) 
where ko = 271/hy and Ag is the wavelength in meters. 
The phase velocity (u,) of the p" wave, denoted as Upp, is given by 
Up = 2 =—2_ = “t 3-11 
Bp — kRe (Sp) Re (Sp) oe 


To provide further insight of what the mode signal fields looks like, we will apply below the 
mode equation and the associated electromagnetic field formulas of the isotropic/planar waveguide de- 
veloped above to the case where both of the waveguide boundaries are perfect electrical conductors (i.e., 


the waveguide boundaries have the conductivity, o, equal to 0); this is atypical microwave waveguide. 


—e 


* 1000 km. 








Perfectly Conducting Boundaries Isotropic/Planar Waveguide 


For this waveguide, the reflection coefficients, given by Eqs. 5.7-6 and 5.7-7 (Section 5.7), 
become 
ee R& = Ri 


1 for TM modes 





Il 


bees ee eee Rf = Ri 1 for TE modes i oe ean Mp Diate amiger sess 
For either TM or TE modes, the mode equation, Eq. 5.3-4, for the p'" mode, simplifies to 


_ pm _ Pao 


Cp = cos 4 koh as, (5.3-12) 


The p = 0 mode has C, = 0, Sp = 1, and upo = ug. This (p = 0) is the zeroth-order TM (TMo) mode, 
also called the transverse electromagnetic TEM mode. Note, from Eqs. 5.3--7a, that the electric and mag- 
netic field vectors of the TEM mode are transverse to the direction of propagation. The phase velocity, 
Upp, Of the p™ TE or TM mode is given by 


It can be shown (Ref, 11) that the phase velocity of a mode is always higher than that in an un- 
bounded medium having the same dielectric properties as those of the waveguide propagation medium. 


An intuitive way of determining the phase velocity of a mode in a waveguide is by comparing the 
alternative ray path lengths travelled by the incident and reflected waves of the mode with the corre- 
sponding distance traveled by the mode signal along the guide direction. For example, in Fig. 5.3-4, we 
note that when the wave front of the plane wave moves from A to B in the wave propagation direction, it 
simultaneously travels through a distance EB along the guide. Since the wave veiocity is up along AB, 
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the phase velocity upp, of the p" mode signal is uo/sin O, (= uo/Sp); it is the same expression as as 
Eq. 5.3-13. Note that the phase velocity of a mode is greater than the wave velocity uo. Furthermore, as 
the mode index p increases, C, (in Eq. 5.3-12) increases and thus S, decreases, which causes the phase 
velocity (Eq 5.3-13) to increase with the mode index. 


Note that Omega navigation is based on the assumption that received Omega signals are Mode 1 
: signals. It is the information on the relative phases, derived from the phase velocity of Mode 1, of the 
received signals which are needed to compute on Omega navigation position fix. However, in addition 
to the phase velocity, there is another velocity, called the group or energy velocity, which is the velocity at 
which the Omega signal wave-packet iavels. The wave-packet is 4 series of approximately one-second- 
long pulses. Each of these pulses has characteristic rise and fall times. The time of detection of the lead- 
ing edge of the pulse is determined by the group velocity of the signal. Once the signal pulse is 
established, about after 50-100 cycles the phase velocity of the received signal becomes the important 
parameter as it determines the phase of the received signal. The group velocity, upp, and phase velocity 
Upp, of the p'" mode signal are related by (Ref. 19) 
Z 
Men = Upp (5.3-14) 

where uo is the velocity of light in an unbounded dielectric medium having the same dielectric properties 
as those of the waveguide propagation medium. The above relationship states that the group velocity is 
always less than or equal to the phase velocity which itself is always greater than or equal to up. Ina 
non-dispersive medium (i.e., one where the phase velocity is independent of signal frequency), such as 
free-space, the phase velocity is the same as the group velocity of the signal. 


Since the signal wavelength is proportional to the signal phase velocity, the guide wavelength, 
Aon, of the p'" mode in guide is given by 


A 
hep => (5.3-15) 
p 


Note that since S, < 1, the guide wavelength of a mode is greater than the signal wavelength, Ao. 


Combining Equations 5.3-12 and 5.3-15 gives 


(+) = (4) -(@ 
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which shows that ford, < 2h Agp is imaginary and, hence, the mode associated with index p is evanes- 
cent.* There is a minimum nae ‘frequency, fep, for the p™ mode, below which waves will not propagate 
in the waveguide. The cut-off frequency is 


fop = 5 (5.3-16) 


_ where.c is speed of light in free space. 


The cut-off frequency for the mode with mode index p = 1 is, therefore, fop =f-1 = ¢/2h. Assum- 

. ing, h = 90 km for the height of nighttime (D-layer) ionosphere boundary (see Section 5.2), we get foi = ees 
1.66 kHz indicating that p= 1 mode in this (90 km height) waveguide will not propagate below 

1.66 kHz. 


We will now illustrate the spatial dependence of the TM, mode of the example waveguide (i.¢., 
perfectly conducting isotropic/planar waveguide). The instantaneous field expression for the TM, 
mode are obtained by: (1) substituting for C, (Eq. 5.3-12) and S, (= 1-C,*) for the example waveguide in 
phasor field expressions of TM, mode, Eq. 5.3-7a, (2) multiplying the resulting phasor expressions with 
the time dependence term, exp (iwf), and (3) taking the real part of the resulting product. Thus for p equai 
to one, we get 








E,(x,y,0) = A, sin (2) cos (wt — yx) 

Exxys) = u A; Cos (22) sin (Wt — yx) (5.3-17) 
— WEgh 

H(xyi0 = —z cos (22) sin (wt ~ yx) 


where 


4 
Hl 


V8- GG) = oreo Gi) 


= 21% 


* An evanescent mode is a nonpropagating mode with the fields decaying exponentiaily along the 
direction of the guide (Ref. 19). 
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electric field of an Omega signal (which is mostly the TM; mode) is nearly perpendicular, and its mag- 
netic field is nearly parallel to the earth’s surface every where in the world except over permafrost regions 
(in the northern part of Canada) and fresh-water regions (Greenland/Antarctica). 


5.3.2 Geomagnetic Field Effects 

Thus far in this section, we have analyzed and discussed the waveguide propagation environ- 
ment free of the earth’s magnetic field. Of course, the real-world EI waveguide has geomagnetic field 
which greatly influences the motion of the electrons in the D-region ionosphere, the upper boundary of 
the waveguide, Asa result, the ionosphere appears as an anisotropic medium to a wave incident below 
the upper boundary. Consequently, the reflected and transmitted waves* from such an anisotropic 
boundary, as shown in Fig. 5.3-5, do not have the same wave polarization (i.e., orientation of the electric 
and magnietic fields of the wave; see Section 5.7-6) as the incident wave, but have elliptical polarizations 
which are independent of the incident wave polarization. An elliptically polarized wave (see Sec- 
tion 5,7.6) has electric field components both in the plane parallel (||) and perpendicular (1) to the plane 
of incidence (i.e., the plane perpendicular to the boundary which contains the incident wave propagation 
Jirection). To fully describe the reflection characteristics of an anisotropic ionosphere boundary relative 
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Figure 5,3-6 Incident, Reflected, and Transmitted Waves at Isotropic 
and Anisotropic Media Boundary 
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*}or the case of isotropic medium, the reflecting und transmitted waves have the same wave 
polarization as the incident wave. 
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to an arbitrary polarized (linear, circular, or elliptical) incident wave, we necd four reflection cocffi- 
cients, instead of the two reflection coefficients ( I R' and pR'i: See Section 5,7.7)* needed fur an iso- 
tropic ionosphere. The reflection coefficients of an anisotropic ionosphere boundary are conveniently 
described by the following 2 x 2 matrix (Refs. 5 and 9) 


Ry sR’ 


R! 
lf Ri‘, LR, 


($,3- J 4) 

The subscript on the left of reflection coefficient R/indicates the parallel (il) or perpendicular (2) polar: 
ization of the electric field of the associated incident wave; the subscript on the right of the reflection 
coefficient R! indicates the parallel ({|) or perpendicular (1) polarization of the electric field of the 
reflected wave. 


We will now determine the impact of allowing the upper boundary of the waveguide to be an 
anisotropic boundary due to the presence of the geomagnetic field, The resulting waveguide is hence- 
forth called an anisotropic/p'anar waveguide. The mode equation for the anisotropic/planar waveguide 
is readily obtained by substituting? the matrices R/ and Ré for KR! and RY, respectivery, in the isutropie/ 
planar waveguide mode equation, Eq. 5.3-4, The resulting cquation in the matrix noltion is 


det I] R&R! ~ exp (-2iap) Il = 0 (5.3-19) 


where “det Il |” denotes the determinant of the quantity within the bars Wl, Jisa2 <2 i¢entity matrix, and 
R$ is 


a 
et 
t 
Pon 
<= 


ne = [yr 0 ‘a 
[ 9 wk . 


On developing the determinant of Eq, 5.3-19, the mode equation becomes 


(R424 - 1) (RAR mT) = (yg RR RE Ry Ry) (83-21) 


ing equation is basically the same equation as the isotropic/planar waveguide mode equation, hg. 53-4, 





* Section 5.7.7 employs different notations for the reflection coefficients; specifically, 1 Aly and RY 
are denoted in Section $.7.6 as R4, and BR! . . 


§ Note that the reflection coefficient of the carth’s surface is not affected by the anisouopic mature of 
the ionosphere; the matrix representation tor R¥ in Lg, 5.3-16 4. used for presentation convenience 
only. 
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Rigdits, discusacd in Section 8.4. 
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5.4.1 Signal Propagation Characteristics 


The spherical geometry of the El waveguide makes mode theory based VLF signal propagation 
prediction algorithms computationally cumbersome. However, reasonably accurate signal propagation 
predictions have been obtained using a first-order approximation for the spherical shell waveguide. In 
this approximation (Refs. 11 and 21), the spherical boundaries of the waveguide are replaced with flat 
boundaries and the refractive index of the propagation medium inside the waveguide (which is actually 


earth's surface, We will consider below a parallel-plane approximation for the spherical waveguide 
boundiries. 


Omega transmitting antennas are effectively electrically short vertical monopoles located at the 
carth's surface and they excite clectric fields oriented mostly in the direction perpendicular io the earth’s 
surface, Therefore, Omepa-receiving antennas are either vertical electric dipoles (called whip or E-field 
antennas) Which measure the vertical electric field, or loop antennas (called H-field antennas) which 
measure the horizontal component of the magnetic field. Note that the vertical electric field and horizon- 
tal magnetic figld are components are of the same signal, Although, both E-field and H-field antennas 
nicasure the same signal, there are Operational reasons (outside the scope of this chapter) for choosing 
one over the other type of receiving antenna. 


We will therefore focus our discussion in this section to the reception of the vertical component 
Of the electric field, from which the horizontal component of the magnetic field, if desired, can be readily 
obtained, Henceforth, in this chapter, for convenience, we will use signal, signal field, field, or electric 


Jieid (o mean the vertical component of the electric field of a propagating signal. 


S401 ‘Yotial Signal -— Recall that a propagating signal in a waveguide can be described as a 
sno! the signals of the modes propagating in the waveguide. In general, an infinite number of modes 
can propagate, However, in practice, only a few lowest-order modes are needed to approximate a VLF 
signal, especially at Omega frequencies. If £,»,(Q,z) is the signal of the m'" mode at radial distance 9 from 
source (see Fig, 5.4-1) and at height z (above the earth's surface), the total signal E, at @ and z, in general, 
is piven by the “phasor-sum,” 


RP 
= 


x 
Ep) = es Eun(P 2) (5.4-1) 
2 gf 


Note that both //,, and /, are phasors, i.¢., caci, was an amplitude and a phase and thus phasor algebra 
must be used in Ly, 5.4-1 (see Section 3.6), 
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Figure 5.4-1_ Homogeneous Earth-Ionosphere Waveguide 


5.4.1.2 Individual Mode Signal — The mathematical steps involved in deriving the individual 
mode signal equation (Eq. 5.4-2) are tedious and can be found in Refs. 12 and21. Ina homogeneous and 
anisotropic EI waveguide, assuming the time dependence of the form exp (iz), the signal field E,, ata 
distance g from the source and a height z is given by 


= No Pef \/2 ce A ym Goy (2) EXP (= AmO — Ym) 


Ean(P.z) = c'/2 h! (a sin p/a)}/2 Cine) 

where 

No = Characteristic impedance of free space 

Pe = Current moment = Ip £9 = (Ao/407) /10P, 

Io = Source current magnitude 

£o = Length of the source dipole 

FP = Radiated power 

F = Signal frequency 


Gi,(z) = height-gain function of the z-component of the electric field of 
the m' mode evaluated at the receiver location (9,2) 


Sin = sin An 


On = Complex angle (eigenvalue) of the m'® mode 








c = Velocity of light in free space 


h! = Reference height of the ionosphere reflecting boundary 
a = Earth’s radius 
Am = Excitation factor of the z-component of the field of the m'" mode 


excited by the source (transmitter antenna) 


—2uf 
tm 2 (Ima) 


Um = C/K { Re (sin @m,) } ] = Phase velocity of the m'" mode at the 
earth’s surface 


Qm = Kko { Im (sin @m) } = Attenuation rate of the m'* mode at the 
earth’s surface 
ko = 20/g 





Ag = signal wavelength in free space 
K=[l-(riar 
{a sin (Q/a)] ~'/2 = Spherical spreading factor 


Note that Re ( ) and Im ( ) are the real and imaginary parts, respectively, of the complex quantity inside 
the parentheses (). 


We will now discuss the following items related to the signal field equations (Eqs. 5.4-1 and 
5.4-2): mode parameters, waveguide modes, phasor-sum, and spreading factor. 


Mode Parameters — The signal propagation characteristics of a mode signal are fully character- 
ized by the four mode-specific pararneters. These parameters have been described earlier in cuntext of 
an isotropic waveguide in Section 5.3; they are briefly reviewed below: 


Attenuation rate (a) — the spatial rate at which a mode signal dissipates (reduces) 
its energy in the waveguide. 


Phase velocity (uj — the spatial velocity at which a mode signal wave front appears 
to propagate in the waveguide. 


Excitation-factor (A,,) -— a measure of relative efficiency with which a mode signal 
is excited in the waveguide by a source or received by an antenna in the waveguide; 
it is a complex quantity. 


High-gain function (G,,(z)) -—— the variation of a mode signal field in the vertical (z) 
direction above the earth’s surface, 


In Section 5.4.3, the terms “phase velocity” and “phase velocity variation” mean the same thing. 
Mathematically, the phase velocity variation, Au, ts related to the phase velocity, u, by 


Au = (4-1) (92 (5.4-3) 


Au has units of centicycles* per megameter of the signal path length. Thus, the two terms are related to 
each other via the constants: speed of light in free space, c, and the signal wavelength, Ag). Au is called 
the phase velocity variation because it is a measure of the variation of u from the free-space speed of 
light, c. 


Waveguide Modes — In a waveguide, the modes are numbered with an integer mode index 
which increases according to the increasing value of the phase velocity of the modes in the waveguide. 
In this type of mode-numbering system, TM and TE modes are the even- and odd-numbered modes, 
respectively, of the waveguide, and Mode 1 is the lowest phase velocity TM (i.e., TM;) mode. Mode 1 
usually has the lowest attenuation rate and highest excitation factor amplitude; as a result, it is usually 
the strongest amplitude mode in an Omega signal. 


Therefore, except in the “near-field” region of an Omega transmitting station and for paths with 
certain properties, Omega signals are adequately approximated by their Mode 1 components. It is this 
approximation feature which has made Omega navigation practical. The near-field region of a station 
typically extends from the station up to radial distances of 1000 km during day, and 2000 km at night. As 
will be seen in Section 5.4.3, certain nighttime paths with westerly-directed segments located at the 
lower geomagnetic latitudes exhibit signals which are not well-approximated by the Mode 1 component 
of the signal. 


In the near-field region and along the special paths referred to above, 2-4 modes are usually 
needed to approximate an Omega signal. Omega navigation is therefore not recommended in the near- 
ficld as well as along the special paths. The number of modes needed for adequate signal approximation 
increases as the signal frequency increases; for example, typically 6-12 modes are needed to approxi- 
mate a signal at twice the Omega frequency. 


Phasor-Sum — An example of the phasor-sum of a multi-mode signal is shown in Fig. 5.4-2. For 
Simplicity, the signal is assumed to be composed of two modes (Modes | and 2) whose signai field 








*A centicycle (cec) is one-hundredth of a cycle. 
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Figure 5.4-2 Example of Phasor Sum of the Signals: FE; 2g, and E7292 


phasors* are E) 2g, and E; 242. Assuming the amplitude and phase of each mode (/ = 1,2) signal are 
E, and @;, respectively, the amplitude, Ey and phase, $7, of the total (mode-sum) signal are given by the 
phasor-sum expressions 


Er = [Ey + E, + 2E,E, cos ¢]'” 
_, | £, sing, + E, sing 
1 ] | 2 2 
= tan SE, 
os E cos 9 + E, cos =| (5.4-4) 


$=9,- 9 


When the signal is composed of many higher-order modes (e.g., Mode 2 and Mode 3, etc.), the phasor FE 
£2 can be thought as the phasor-sum or these higher-order modes. 


Signal Spreading Factor — The spherical spreading factor, [a sin (o/a)}-, in the signal field 
equation, Eq. 5.4-2, is a direct consequence of the spherical geometry of the EI waveguide. The factor is 
correct everywhere except in the vicinity of the source as well as near the source antipode (i.e., the point 
geometrically opposite to the source on a spherical earth). A suitable approximation for the factor near 
the antipode can be found in Ref. 10. 


The signal spreading causes the so-called “signal focusing;” we will present a heuristic explana- 
tion of the effect of the factor for the case of ahomogeneous waveguide, in the absence of the geomagnet- 
ic field (Ref. 22). In such a waveguide, as the signal leaves the source (transmitter), it propagates 
outward from the source in circular wave fronts, as shown in Fig. 5.4-3. Note in the figure that as the 


*The phasor notation E; 2 @y, indicates a signal with amplitude E and phase ¢). 
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Figure §.4-3 Propagation of Omega Signals on a Homogeneous, 
Isotropic Spherical Earth 


wave fronts travel outward, they become larger and larger until they reach the “equivalent equator” (the 
equator corresponding to a source at the North or South Pole). At this point the signal energy per unit 
length of the wave front (due purely to geometry) is a minimum. Beyond the equator, the wave fronts 
diminish in size and the wave front energy density grows until the wave front converges at the source 
antipode. This increase in the wave front signal energy between the source equator and the source anti- 
pode leads to signal focusing. 


The wave fronts, shown in Fig. 5.4-3, are circular only because we assumed homogeneous and 
isotropic signal propagation environment. In reality, however, the wave fronts are substantially non- 
circular, due to Anisotropy and inhomogeneity of the ionosphere anu the non-uniform distribution of the 
earth’s surface conductivity. This means that the total signal does not re-focus at a point (the source anti- 
pode), but in a more complex fashion, with a much smaller peak for the signal amplitude than at the 
source. An example of the signal focusing effect can be seen in Fig. 5.5-3 in Section 5.5.5, 


5.4.2 Mode Signal Characteristics 

This subsection first presents in graphical form general characteristics of selected Omega signal 
mode parameters as functions of the signal path properties (see Figs. 5.4-4 through 5.4-11). Following a 
discussion of the graphs, a broad summary of the general characteristics is presented. 


The graphs are provided for the mode parameters: attenuation rate, phase velocity, and excita- 
tion factor amplitude. The phasc velocity mode parameter is preseited in two furmis: (1) pluase velocily 
variation (cec/Mm) in Fig. 5.4-5, which is [(u/c)—1] (100/A9)] where u is the mode phase velocity, c is the 
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Figure 5.4-4 Mode | Attenuation Rate vs. Geomagnetic Bearing: Day and Night (Ref. 23) 
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Figure §.4-5 Mode 1 Phase Velocity Variation [(u/c -1) 100/Ap] vs. Geomagnetic Bearing: 
Day and Night (Ref. 23) 
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Figure 5.4-6 Attenuation Rate vs. Ground Conductivity: 
Daytime and Nighttime Modes (Ref. 23) 
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Figure 5.4-7 Attenuation Rate vs. Geomagnetic Bearing: 
Daytime and Nighttime Modes (Ref. 23) 
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Figure 5.4-8 |= Excitation Factor Amplitude vs. Geomagnetic Bearing 


for Daytime and Nighttime Modes (Ref. 23) 
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Figure 5.4-12 Geomagnetic Latitude Contours (Ref. 5) 


TE mode attenuation rate is virtually independent of the ground conductivity. 


TM modes have generally lower attenuation rates than TE modes for most common 
ground conductivities, but have higher attenuation rates over low-conductivity 
regions such as in Greenland/Antarctica and much of Canada (see Fig. 5.4-6). 


TM mode attenuation rates increase with decreasing ground conductivity and 
exhibit a broad maximum near the pseudo-Brewster angle (see Section 5.7) on the 
ground and then decrease with further decrease in the conductivity; the pseudo- 
Brewster angle peak occurs at higher conductivity values for higher frequencies 
(see Fig. 5.4-9, and Refs. 31 and 32). For example, at 10.2 and 13.6 kHz, the mode 
attenuation rate peak occurs over the conductivity range of 3x10-5 — 10-> mho/m 
(fresh-water ice) and 3x10~+ — 104 mho/m (tundra), respectively. 
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e Forcommon ground conductivities, excitation factor amplitude is usually higher 
for TM modes than for TE modes (see Fig. 5.4-11), as arcsult, Omega transmitting 
antennas excite TM modes much more strongly than TE modes. Within categories 
of TE and TM modes, higher-order modes are excited more strongly than lower: 
order modes. “ 


e Forcommon ground conductivities, phase velocity of modes usually decreases as 
conductivity decreases (Refs, 23 and 25). 


Geomagnetic Field Effects 


e During the daytime, parameters of all modes show little variation with geomap netic 
latitude or path azimuth (see Figs. 5.4-4 through 5.4-11). 


e Atnight, parameters of all modes show little geomagnetic latitude variation for 


easterly path azimuths, but a strong latitudinal variation for westerly path azimuths 
(see Figs. 5.4-4 through 5,4-11). 


¢ Attenuation rate of most modes as usually greater for west than cast (sce bigs, 4.4 4 
and Refs 31 and 32), the “east-west effect,” 


¢ Mode parameters of TM modes exhibit a reversal in their usual trends for the wert 
erly path azimuths over a small band of geomagnetic latitudes aound (he peoray 
Netic equator (sec Higs, 5.4-4, 5.4-5, and Refs. 3} and 32), for example, sce 
Fig, 5.4-5(b) for the reversal in the phase velocity trend over the latitudes between 
O and 4 deg. 


Mode | Frequency* Dependence 


e = Forcommion ground conductivities, attenuation rate, phase Velocity, and exciton 
factor amplitude usually decrease with increasing frequency (ace Digs. 84-9 
through 5.4-11) 


e = For ow ground conductivities (ic., conductivings between 1G Sand 4240 4 


m), frequency dependence trends of mode parameters are mixed (vee bays, nay 
through 5,4-11), 


Tonospheric Effects 


* TM modes are generally more strongly excited (higher excitation factor amplitude, 
than TE modes (see Fig. 5.4-). 


e = Attenuation rates of most modes for casterly paths azimuths are bigher duany the 
day than at night (see Figs, 5.4-4 and $,4-7), 


*Over Oinega signal frequencies, 








e Attenuation rate and excitation factor atnplitude of Mode | are higher for easterly 
mith adinuthes ducing day than ataghe for westerly azimuths, the night values may 
be higher than the day values (see big. 4.4°4). 


© Vhase Velocity of Mode tte generally higher during the day than at night (see 
Vig. 5,4 d). 


The mode parameter charactectstles for the transition dlumination condition are generally somewhere 
between the duy and night chuatacteristies, 
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signal; as aresult, the relative distribution of the signal energy among the component modes is different 
for the incident and transmitted signals at an interface. This phenomenon is known as mode conversion 
(or scattering) of signal. 


A conceptual illustration of the mode conversion occurrence at an interface between the neigh- 
boring segments (1) and (2), with dissimilar path properties, is shown in Fig. 5.5-1. In this illustration, 
the incident and transmitted signals are assumed to be composed of Modes 1 and 2 only, and reflected 
signals arc assumed to be zero, Et and E}, (k = 1,2) are the complex (phasor) values of the incident (i) 
and transmitted (1) mode signals associated with k*" mode at the interface; Sik, is the complex mode con- 
version (or scattering) co.fficient which is the ratio of the amplitude of j mode of the transmitted signal 
and the amplitude of k'Y mode of the incident signal. Note, in Fig. 5.5-1, that as a result of the mode 
conversion, the relative energy distribution bet veen Modes 1 and 2 of the transmitted signal is different 
than those of the incident signal. 


For signal paths where the path properties are such that the mode eigenvalues vary slowly along 
the waveguide, the mode conversion cffccts at the segment interfaces are usually negligible and can be 
ignored, That is to say Sj, = O forj# k in Fig. 5.5-1. In other words, there is no significant exchange 
(re-distribution) of energy among the modes at the mismatch interface. It is therefore reasonable to 
compute signal field along such an inhomogeneous waveguide using the homogeneous waveguide sig- 
nal field equation, Eq. 5,4-2, with the use of the “average values” for both the attenuation rate and phase 


G-09126 


Interface 7-3-91 


Segment (1) Segment (2) 


Incident Modes Transmitted Modes 


Mode } E! 


a Lal Sy, Ei Mode 1 
f 


El = Sy, El + Sy Ei (Mode 1) 


ee re ee ee es cee ee ee 


E} = Sy, Ey + Sy, EL (Mode 2) 





Figure 5.5-1 =©Mode Converxsion Phenomenon Occurrence in a Two-Mode 
Signal (Reflected Modes are Not Shown) 
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velocity of the individual mode signals. That is, for a waveguide composed of N homogeneous seg- 
ments each of Ag in length, the average attenuation rate, @,, and average phase parameter, Ym, of the 
m'* mode are 


N 

Gm = 4 bs Ann 20 
N 

Yn = 5 \> Ymn 2] 
=] 


where Qn, and Y;y, are the attenuation rate and phase parameter, respectively, of the m'" mode along the 
n'® segment. 


Furthermore, the transmitter and receiver locations may have different path properties, including 
the ionospheric reflection height which may be different due to differing solar iiluminations at the loca- 
tions. Therefore, the excitation term,A,,,, and the ionospheric reflection height, h’, in the homogeneous 
waveguide signal equation, Eq. 5.4-5, must be modified to include the etfects of both the transmitter and 
receiver locations properties on the excitation factor and waveguide height, as described below 
(Refs. 7 and 8): 


Am Replaced by ~ JAbn Abn 


h' Replaced by —> /(h’)! (h')' 


where the superscript ¢ and r refer to the transmitter and receiver locations, respectively. The result is a 
WKB*-type approximation (Refs. 5 and 21) signal field equation given below for the m'® mode of the 
signal propagating along the inhomogeneous waveguide: 


= 1/2 §3/2 r \1/2Gr 
Egn(Q.2) = OPEL PSH An Ab) ?Cinl®) og { 


N 
[- G ¥mn — Gn) sh (5.5-1) 
cln’y(h'yy1a sin (@/ay)” 2 


n=1 


The total signal in the inhomogeneous waveguide is determined by the phasor-sum of the individual 
mode signals, as described by Eq. 5.4-1. 


*Wenzel-Kramers-Brillouin. 
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For paths where mode eigenvalues are expected to change greatly along the waveguide, the sig- 
nal cannot be adequately calculated using the WKB approximation. For such paths, mode conversion 
effects must be included in the signal calculations. Examples of greatly changing mode eigenvalues are: 


1. At the sunset or sunrise terminator crossing along a path where the ionospheric 
properties change greatly 


2. Anabrupt change in ground conductivity along a path, such as from sea water to ice 


Along nighttime, westerly-directed (path azimuth between 180 and 360 deg) seg- 
ments located inside the geomagnetic equatorial belt (i.c., between + 10 deg of 
geomagnetic equator). 

We will now illustrate in Fig. 5,5-2, the spatial variations of the daytime and nighttime mode 
parameters and associated resultant signals along the signal path from the Hawaii Omega station tc 
Guam. For the example path, both the daytime and nighttime signals are assumed to be composed of the 
first two lowest-order modes: Mode | (TM, mode) and Mode 2 (TE; mode). In the figure note that, as 
expected: (1) for each path illumination condition, Mode J has the lowest attenuation rate ay well as 
lowest phase velocity, and (2) Mode 2 (higher-order mode) is excited relative to Mode 1 less strongly in 
day, and more strongly at night. In this example, the mode parameters vary slowly along the path. How- 
ever, in general, they can vary greatly depending upon the path properties, For the example path, the total 
signal is basically Mode 1 during day; while, at night it is mostly Mode 2 for up to distances of about 2 
megameters from the station, when it changes to the combination of Modes 1 and 2, The signal ampli- 
tude/phase vary gradually with distance during day but they exhibit oscillatory behaviors during night. 
The oscillatory behavior is duc to “modal interference” phenomenon discussed in the next subsection, 


§.5.2 Modal Interference 


An Omega signal, as previously mentioned, consists of inany modes. Except along paths with 
certain properties, and those inside the near-field region of the station, the signal amplitude along most 
paths at most times is dominated by the signal’s Mode } component. The resulting signal is referred to as 
a Mode 1 dominated signal. In other words, the Mode | amplitude is much stronger than the amplitude of 
the phasor-sum of the higher-order modes (¢.g., Mode 2, Mode 3, etc.) and thus the presence of the 
higher-order modes in the signal can be effectively ignored without any noticeable error in the resulting 
signal characteristics. 


The near-field region of a station is a region where the signal is composed of several strong: 
amplitude modes, The region, as mentioned earlier, extends outward frum the station up to S00 to 
1000 km when the region is in daylight and increases usually to 1000-2000 km when the region goes 
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Figure §,5-2 Predicted Spatial Variations of Omega Signal Mode Parameters and 
Associated Signal Amplitude/Phase along Hawaii-to-Guam Signal Path: 
10.2 kHz and Daytime/Nighttime Iumination (Ref, 3) 
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into darkness (night). Requiring special consideration are westerly directed paths with nighttime or tran- 
sition illumination conditions. These are typically the radial paths emanating froma station (especially 
if located near the geomagnetic equator, such as the Hawaii, Liberia, and Japan Omega stations), with 
geographic bearing angles between about 210 and 330 degrees at the station. 


Omega navigation is predicated on the assumption that received Omega signals are Mode 1 dom- 
inated signals. Therefore, an Omega receiver adjusts the measured phase of a received signal using a 
Mode 1 phase model (see Chapter 9) so that the adjusted-phase of the signal closely matches the refer- 
ence phase derived from a linear phase vs. distance model embodied in the Omega navigation receivers. 
The lack of Mode 1 dominance in a signal, thereby not exhibiting the expected Mode 1 signal behavior, 
is called modal interference and the associated signal is referred to as being a “modal” or “modally- 
disturbed” signal. Thus a modal signal along a path is described by either of the following two character- 
istics (Ref. 26): 
1. Composed of several competing strong-amplitude modes (which may or may not 
include Mode 1) which may alternately dominate the signal on different segments 
of the path, as shown in Figs. 5.5-3 and 5.5-4. Because of differing phase velocities 


of the modes, the signal amplitude/phase of the modal signal exhibits oscillatory 
behavior with distance. 


2. Dominated by asingle mode other than Mode | (e.g., Mode 2 or Mode 3) outside the 
station near-field region, as shown in Fig. 5.5-5. In this case, the phase is expected 
to vary linearly with distance (i.e., constant wave number* for the mode); however, 
the wave number can be significantly different from that of Mode 1. 


In either type of modal signal, the phase can, and usually does, significantly differ from that of the 
Mode 1 phase and thus a modal signal is unsuitable for use in Omega navigation. 


In all of the three modal signal examples, the signal behaviors are predicted by assuming that the 
signal is composed of the first four lowest-order modes. The paths in Figs. 5.5-3 and 5.5-5 are nighttime 
paths, while the path in Fig. 5.5-4 is a mixed-illumination path. In Fig. 5.5-3, note that the signal is 
modal (dominated by Mode 3) for distances of up to about five megameters from the transmitter and 
then beyond these distances, the signal is non-modal and its wave number is almost the same as the 
Mode 1 wave number. In this example, note that the increase in signal amplitude beyond ten megame- 
ters from the transmitter is due to the signal focusing effect discussed earlier. 


In Fig. 5.5-4, the signal is dominated by its Mode 1 along the day and transition segments of the 
path, and Modes 1 and 3 along the nighttime segment of the path. This is an example of the day to night 


*The wave number is the same as the wave propagaticn constant, k. 
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Figure 5.5-3 Example of Predicted Oscillatory Modal Interference Behavior: 13.6 kHz 
Signal along Nighttime Radial at Geographic Bearing of 105 deg from 
Liberia Omega Station (Ref. 26) 





transition crossing along the path producing mode conversion effects in the signal due to rapidly chang- 
ing ionospheric properties in the transition region. As a result, there is ne. Mode 3 of the magnitude 
comparable to Mode 1, and hence the signal along the nighttime segmer.° nodal. 


In Fig. 5.5-5, the signal is dominated along most of the pathb, . .de 2 and as a result the wave 
number of the signal differs significantly from that of the Mode 1 wave number. This kind of signal 
structure frequently happens along westerly-directed nighttime paths. 


Examples of non-modal signals, outside the station near-field region are shown in Fig. 5.5-6(a) 


for a day path and Fig. 5.5-6(b) for anight path. These paths show the signal behavior typically observed 
along most worldwide Omega signal paths. 


Modal interference at a path point is characterized as being “spatial” or “temporal” depending 
upon the solar illumination condition along the path between the station and the path point. Modal inter- 
ference during the day (or night) illumination condition along a path is classified as spatial interference 
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Figure 5.5-4 Predicted Mode Conversion-Induced Modal Interference: 10.2 kHz Signal at 
24 UT in August along Radial Path at 310 deg Geographic Bearing from Japan 
Omega Station (Based on Data Generated in Ref. 27) 


if the degree of the interference at each path point is nearly the same during the day (or night) hours along 
the entire path (and thus depends only on spatial coordinates), The spatial interference is generally larger 
in magnitude and persists to longer distances along a signal path during night than in day. This can be 
seen by comparing amplitude/phase vs. distance behavior of the daytime and nighttime signals along the 
path in Figs. 5.5-6(a) and 5.5-6(b). Furthermore, the spatial modal effects are generally more severe 
both in magnitude and (spatial) extent along nighttime paths emanating from the Omega stations located 
at low geomagnetic latitudes. Examples of such Omega stations are Liberia, Hawaii, and Japan. 


Anexample of the predicted temporal interference at a fixed location is shown in Fig. 5.5-7. The 
figure shows a diurnal plot of the predicted signal amplitude of the Liberia Omega station’s 10.2 kHz 
signals received at the prediction point, P, which is ten megameters from the station along great-circle 
radial path emanating from the station at the geographic bearing of 240 deg. The signal path undergoes 
sunrise (and sunset) transition between the UT hours when the sunrise (and sunset) moves from Liberia 
(L) to the prediction point (P). Note in the figure, the signal is non-oscillatory for the UT hours corre- 
sponding to all-day or all-night solar illumination conditions along the path; and it becomes oscillatory 
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Figure 5.5-5 Predicted Severe Modal Interference by Higher-Order Mode Dominance: 
13.6 kHz Signal along Nighttime Radial Path at Geographic Bearing of 
300 deg from Omega Hawaii Station (Ref. 26) 


for the UT hours for which the path has sunrise/sunset transition along it. An examination of the underly- 
ing mode structure of the signal (not shown in the plot) reveals that the signal is a: (1) predominantly 
Mode 2 signal for all-night path conditions, (2) combination of competing amplitude Modes | and 2 
during transition illumination conditions along the path, and (3) predominantly Mode 1 signal for all- 
day path conditions. The transition path behavior is caused by signal mode conversion at the sunrise/ 
sunset transition along the path. 


As mentioned earlier, Omega navigation is based on the assumption that the received signal is a 
Mode | dominated signal. However, there is no practical way for a receiver to determine from measute- 
ments alone if the signal is, or is not, a predominantly Mode | signal. Therefore, a priori information is 
needed on the modal/non modal characterization of Omega signals prior to their use in Omega position- 


fix computations; otherwise the computed fix could be insignificant error. 
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Pigure 5,8-6 Predicted Non-Modal Signal: 13.6 kHz, Daytitne and Nighttime Signals along 
Racal Path at O deg Geographic Bearing from Liberia Ornega Station (Ref. 26) 
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5.5.3 Omega Signal Propugatlon Charucteriathes Overview 


This subsection summarizes the expected character isticn of Qiiega signals st d hei component 
modes (see Chapter 10; Refs, 26 and 28 through 30) ‘The charactenaticn ae; 


1, Omega signal, in general, is a multh mode algo, however, Mode 1, (he Diwent 
order tranaverse-magnetle (TM) mode, bs frequently the strongest aaplitude mode 
of the signal, 


2, Higher-order modes, computed to Mode 1, have greater alynal attenuation nate and 
thus attenuate rapidly with Increasing distance from a station, although they ary 
usually more strongly exchted at the station, 


3, Mode 1 signal attenuation rate: 


a Js dower at higher Omega frequencies, ey. allcnuatiun date bs ually 
highest at 10.2 KHZ and Joweat at 13,0 be, 


b. Js tower during olght than during day, and dy do belween the day and nll 
Values during transition, 


G Increases greatly with decreasing ground conductivity: Its lowest over 
sca water (the tilhest conductivity reylon) and dighestoveriesh water 


ive and permafrost regions Gvuch as tn Greenland/Aghnctica and nortan 
Canada), 


4) 





do da tigher toward the west thantuward the cast which leads tothe cast-west 
effect, which Is often stined: “east is easy.” 


c, Ishigher inthe equatorial belt (between & 10 deg geomagnetic latitudes) 
lung westerly directed path segments, 


4. A dtation aignalis model, Le. has significant modal interference effects, wheneve 


the signal is composed uf either: 


a. Sevetal competing Strona aa modes and the resulting interfer- 
ence mantifoats iteclf as quast-oscillatory variations in the amplitude/ 
phase of the modal lgonl asa function off (1) dime ata fixed location, and 


(2) distance along radial path from the station at a fixed time. 


A single bigher onder (ie. non-Mode 1) dominant mode; the signal 
anpliude/phise behavior of such a modal signal is non-oseillatory in 
distunce Huitis offen unstable in time due to the higher sensitivity of the 
higher-order modes to temporal ionospheric variations, 


one 
- 


% Av Ong ge station signal is usually modal: 


tT the station near-field region which typically extends from the station 
up to distances of S00 1000 kim during day and 1OV0 2000 km at night, 


b, Along paths having the following combination of path properties: 
Diglitinie Mamination, westerly path azimuths (beween 180 and 
SOO deg), and dow p onsgnetic jatitudes (between 2:10 deg). 


6 Atand in close vicinity of the day/night terminator crossing along a path, 


6, Astitonalpontingy be along path signal (Le. the long-path component of the sig- 
fal bs stronger (han its short path component) whenever; 


a Therceelver ds weatof the station and therefore the short-path component 
hay be much more attenuated than the Jong-path cumponent, 


teylons (ep. aco Water and dand) and the short path includes low- 
cOMductVily regions (eg. Greenland/Antarctica), and thus the short- 
pach component may be much more atienuated than the long-path 
CUMponent 

¢. ‘The Jong path component includes the entire nighttime hemisphere, and 
conversely, the short path ds an all-day path; as a result, the short-path 
component may be much weaker than the long-path component, 


b. The Jong path is composed of mostly the high ground conductivity 


Vhese aloud chatucterbtion a functions of path properties should prove useful to the reader in a priori 


Uelenulnation of the potential usefulness of a given Omega station signal for navigation, 
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‘This appendis presents reference material pertaining to wits and dimensions of electromagnetic 


qehintition: tthe introduces the mathematical touls used inthis chapter to describe the electromagnetic 











field propagation concepts and mechanisms (c.f. Refs 3 and 19). The tools are vector analysis and 
complex notation for harmonic (sinusoidal) time varying electromagnetic field quantities. 


In this chapter, scalars are denoted by italic Greek or italic English characters suchas a, 0, e, or E; 
vectors are represented by bold Greek or bold English characters, such as H, or e; while matrices are 
represented as upper-case roman English characters, such as R. Roman English letters are used for mul- 
tiple character symbols that refer to standard functions, such as sin x, while numerical digits are always 
roman. Subscript and superscript variables, except for numerical digits, and coordinate axes, appear in 
italics. 


5.6.1. Units and Dimensions 


A measurement of any physical quantity must be expressed by a number followed by a unit. In 
this chapter we use the rationalized MKSA system of units, also referred to as the rationalized Interna- 
tional System of Units (Si-units).* In this system, the quantities length, mass, time, and current are 
expressed in mezers (m), kilograms (kg), seconds (s), and amperes (A), respectively. From these units 
and the velocity of light in free space, it is possible to derive all other units used in this chapter. 


5.6.2 Vector Analysis 


In the study of electromagnetics, a great saving in complexity of notation is accomplished by 
using the notation of vector analysis. This section introduces vector notations and presents vector opera- 
tions used in this chapter; the derivation of the results can be found in any electromagnetics textbook. 


5.6.3 Definitions 


A scalar is a quantity that is completely specified by its magnitude, positive or negative, together 
with its unit. Example of scalars are mass, time, charge, energy, etc. A simple extension of the idea of 
scalar is a scalar field, 1.e., a function of position which is completely specified by its magnitude at all 
points in space. 


A vector is a quantity which is completely specified by its magnitude and direction, and is 
denoted by boldface symbols, e.g., A, B, e. Force, velocity, acceleration, electric and magnetic field 


intensities are examples of the vector quantities. The generalization to a vector field gives a function of 


*An equivalent system is the rationalized MKSC system which uses the coulomb (ampere x 
second), in place of the ampere, as the basic electrical unit. The system of units is said to be 


rationalized because the factor 4% does not appear in Maxwell’s equations (the fundamental 
postulates of electromagnetism). 
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position which is completely specified by its magnitude and direction at all points in space. A vector ds 
graphically represented by a directed straight-line segment of a length egual to the magnitude of the 
vector with its arrowhead pointing in the direction of the vector, as shown in Fig. 5.61, 


Vector Sian aid Difference — {wo vectors are added by placing the tail of one vector atile head 
of the other, the sum being represented by an arrow from the tail of the first tu the head of (he second. 
This is illustrated in Fig. 5.6-2(b) for the two vectors shown in big. 5.6-2(a). The negative of a vector iva 
vector of same magnitude pointing in the opposite direction, ‘To subtractone Vector fom another iy the 


the two vectors shown in Fig, 5.6-2(i), 


In dealing analytically with vectors, itis convenient tu refer them to sume orthogonal “eourdl 
nate system.” There are a number of orthogonal coordinate aystenis; Wwe shall imitoursel ves tothe elgdt 
handed* Cartesian (rectangular) coordinate system, where a vector ison sun Of tee Ceomponent 
vectors” directed along the x,y, and z axes, respectively, Let, ¥, and be thive such orthogonal compo: 
nent vectors with unit magnitude (called wilt vectors), as shown in big. 5.6 3, ‘The vector A can then be 
expressed as 


AKASH YA, FEA, 





A 
/ 
Figure 5.6-1 Graphical Representation of Vector 
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A An A 
I 
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(a) Vectors: A and Is (h) ‘The bum Aad (QQ) the Dificreme AD 


Vigure §.6-2 Sum and Difference of ‘Iwo Vectors 





*The coordinate system is said to be righthanded VW rotation of Wie x axis inte the y ayes would 
advance aa right-handed screw in the positive z direction. Te ratation would advance a tight 
handed screw in the negative z direction, the coordinate pysteny as wald (abe deft fandedd. 








Vigure &e3 Components of a Vector in Keetangulat Courdinates 


whete Ay A, and A, ote the projections of the vector A on the thiee courdinate axes (a, 9, and). The 
pou quantities A,, A, anda, are referred to asthe rectangidarot Cartesian components of the vector A. 
‘Lhe magnitude of the veciot A lh tea of He fectangilar components ty indicated by vertical bars, 1, 
putruunding the vectut, m9 illustrated beluw 


Am TAL ee (A? 4 A} 4 Ail 


When adding and subtracting vectors, thelt components can be added wid subtracted acparately, 
ay fulluwe 


AdW=CH#h (Athan yA, thay ta Aet iy = Cy 


Vector Miltielication —- We now define (wo hinds of vector multiplication, The first type ds a 
acdlar product, wlyy culled finer or det product, of wo vectors and jy wiltten ay 


Atl A 41 AN, 4 Ady = All cor 0 = eA 


where A and 4 are the magnitudes of the iyo vectors and @ ty the angle between them as shown in 
dip 3.0.4, WA and Db ae collinear (Le. bave the eumne onentition), en A Be AM since 6 #0 deg, but if 


they are perpendicular tu cach other, then Aas = 0 alice 7 ™ 90 dey. 


‘The scound type of vector muliiplication by avector productor cross productol (wo veotors, This 
by ahutlich Veulon, given by 


AXW= KAM, = AM) 4A ¥ (Ad = Ay 4 a (AH, = A,4,) 


eHAlainda =BKA 


Ta 
vs 
ae 


where nis a unit vector perpendicular to the plane containing A and B, as shown in Fig. 5.6-5. The direc- 
tion of n is given by the “right-hand rule” which states that the direction of A X B is that in which a 
right-hand screw would advance if rotated in the same manner. 


Derivatives of a Vector — There is a derivative in vector analysis, closely related to each of the 
two kinds of multiplication just discussed. The vector-like differential operator V (del) has the following 
form in rectangular coordinates 


When V operates on a vector A in the dot product sense, the result is a scalar quantity called the 
divergence (div) of A and is given by 





divA = V°A= 


If V operates on A in the cross product sense, one cbtains the curl (or rotation) of A, which is a vector 
quantity. In rectangular coordinates, the curl takes the following form 


: = =~ (9A: _ Py) . y (dAx _ OAz 
cul Aa Vx A= (3 Bz +y Bz ax 


, dAy OAx 
e (e | 


The operator V can also be applicd to a scalar quantity @, which is a function of x, y, and z. The result is 
the gradient (grad) of @ and in rectangular coordinates it is the vector 
7 _ 2 Op , Op » Op 
grad @ = Ve = x = 935 Faz 


G-30681 
w oc78 5-24-92 
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Ligure 5.6-4 = Vectors A and B Figure 5.6-5 Vector Product Geometry 
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Repeated application of the differential operator V to a vector or a scalar is sometimes required in 
electromagnetic field theory. The following relations are of special interest: 


2 2 2 
V:Vo = Vo ee ee 


dy? dz? 

VxVxA =WV-A)-VA 
V:VxA = 0 forall vectors A 
Vx Vo = 0 forallscalars 


The operator V + V = V2(Laplace’s operator) is a scalar quantity and is extensively used in the electro- 
magnetic theory. The expressionV2A, in rectangular coordinates, is 


WA = WV'A)—-VXVXA = (V7A,) + ¥ (V2Ay) + 2 (V2A,) 


Complex Notation — When the time variation of a function such as voltage or electric field is 


harmonic (sinusoidal), complex notation is used to simplify mathematical analysis. The basis for this is 
Euler's identity 


exp (iwt) = cos (wt) + isin (wf) 


where i = J-1,@ (= 27f) is the angular frequency, fis the frequency, and t is time. This gives a relation 
between real sinusoidal functions and the complex exponential function. 


Consider a sinusoidally varying scalar quantity, such as voltage u(t), of the form 


v(t) = IVol cos (wt +g) = /2 IV cos (wt + d) 


where IVol and a IVol are the peak and the rms (root-mean-square) value of the instantaneous voltage 
v(t), respectively; and @ is the phase. Note that specification of a sinusoidal quantity requires the 
knowledge of its three parameters: amplitude, frequency, and phase. 


In complex notation, v(t) would be interpreted according to 


v(t) = /2 Re [V exp (iwe)] 
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where V=|Viexp (if) is called the complex quantity, and the notation Ref ] stands for “the real part of’ of 
the complex quantity inside the brackets [ ].* Another name for Vis the scalar phasor quantity and jt has 
both a magnitude and a phase. Thus, in complex notation, Vis the complex voltage corresponding to the 
instantaneous voltage u(t). 


Throughout this chapter, we use complex notation for the electromagnetic field quantities which 


time dependence factor is not written out explicitly for sinusoidally varying field quantities, since the 
same time dependence is common to all field expressions. 


Field vectors that vary with space coordinates and are sinusoidal functions of time can be 
similarly represented by “vector phasors” that depend on space coordinates but not on time, Asanexam: 
ple, we can write a time-harmonic e ficld referring to cos wf time referenced as 

e(x,y,2 50 = Eo(x,y,2) cos (wi +) = 2 E(x, ¥,2) cos (wl + p) 
= Re [Ky exp (iws)) = Re JZ (K exp (iwt)) 


where Kp and E are the peak and rms complex-vector (phasor-vector) fields containing information on 
direction, magnitude, and phase. The rectangular component of ¢, ¢ (/ = 4,9, 2), in complex notation, is 


C(O (2 Re [#, exp (iws)| 


m= (2 Re [Ik exp lor + 9] 
where the scalar phasor /y = Ikjl exp (ip). 


5.7) APPENDIX: RADIOWAVE PROPAGATION PRINCIPLES 


This section presents the basic concepts in electromagnetic figid theory relevant to radiowave 
propagation in a waveguide. Specifically, it presents Maxwell's equations (the basic electromagnetic 
theory postulates), wave equations, and reflection and refraction of waves, ‘The material in this appendix 
is extracted from basic textbook on electromagnetic theory (c, Refs, 19 and 3) through 36). 


rene, 


* The convention v(t) s¥21m [V exp (iws)] can also be used, where Im [J stands for the imaginary 
part of the quantity within the brackets [ J. 


If the time reference is not explicitly specified, it is customarily tiken as cos we 
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5.7.1. Basic Concepts 

Electromagnetic phenomena can be described in terms of the free electric charge density @, asca- 
Jar quantity, and the five vector quantities listed in Table 5.7-1. These quantities are related by two dis- 
tinctly different set of equations, The vector pairs J and E, E and D, and H and B are assumed to depend 
linearly on cach other (linear media), no time or space dependence is involved. These relations are 
known as the constitutive relations (Section 5.7.3) and depend on the properties of the medium in which 
the electromagnetic field exists. The »econd set of relations is the basic postulates of the electromagnetic 


‘Table 5.7-1 Fundamental Electromagnetic Vector Quantities 


SYMBOL | __UNIT 
voll/meter (V/m) 











‘VECTOR QUANTITY 
Electric fleld intensity 














~ Eloctric flux density coulomb/meter? (C/mé) _ 


(Electric displacumen’) 
Magnotic field intensity 













ampere/meter (A/m) 
weber/meter2 (Wb/m?2) 
ampere(A) 


theory, called Maxwell's equations (Section 5.7.2), They involve derivatives in time as well as in the 
y 






Magnotie flux density 
Currentdensity 


apace, At interfaces between media with different clectromagnetic properties, the ficld quantities on 
cither side of the interface are related through the boundary conditions or relations (Section 5.7.4). The 
actual fields in a certain region are also dependent on the source or sources of these fields, To determine 
the electromagnetic fields for a given problem, proceed as follows, 

(a) Obtain a set of elementary solutions to Maxwell's equations together with the 


constitutive relations, typically represented in the form of plane electromagnetic 
Wives. 


(b) Find the combination of elementary solutions that satisfy the boundary conditions; 
these partial solutions or modes are specific for the region and usually form an 
cnumerable but infinite set. (An enumerable set is a set whose members can be enu- 
merated, i.e., assigned numbers 1, 2,3...) 


(c) Select the set of partial solutions that matches the distribution of sources at hand. 


Inthe following subsections, we apply the procedure outlined above to develop expressions for the elec- 


tromagnetic fields of propagating radiowave signals, 


6.7.2 Maxwell's Equations 


‘The basic laws of electromagnetics are summarized by the four Maxwell's equations whose 


derivative forms aid equivalent integra) forms are given in Table 5.7-2. 
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In Maxwell’s equations, V° is the divergence operator (see Section 5.6.2.4); V X is the curl 


operator (see Section 5.6.2.4); ao is the partial derivative of the quantity within the parentheses (_ ) 


with respect to time f; ' 


is the volume integral over the volume V; ; is the surface integral over the 
vy 


S 


Table 5.7-2, Maxwell’s Equations 
BASIC LAW DIFFERENTIAL FORM INTEGRAL FORM 


= _ | meee 


Ampere’s law 






Faraday’s law 


closed surface S; bi is the contour integral over the closed contour C; dl is the path (contour) element 


c 

along the contour C; ds is the surface element over the surface S$; and du is the volume element of volume 
V. Note that dl and ds are based on the convention that dl encircles ds according to the “right-hand” rule* 
(see Fig. 5.7-1) and ds points outward for a closed surface (see Fig. 5.7-2). 


Gauss’s law states that the electric flux flowing out of any closed surface is equal to the charge, Q, 
enclosed; i.e., the electric flux lines begin and end on electric charge. Note that the Gauss’s law is a direct 


G-30677a 
G-30677 1-92 


6-18-92 





ds 
dl 
c 
Figure 5.7-1 dl and ds on an Open Figure 5.7-2 ds on a Closed Surface S$ 


Surface S and Contour C 


*The rule is that the fingers on one’s right hand point in the direction of dl and the thumb points in 
the direction of ds. 
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consequence of Coulomb’s law which states that the force between two charged particles is proportional 
to the product of the charges of the two particles and inversely proportional to the square of the distance 
between the particles. 


Ampere’s law states that the line integral of the magnetic field about a closed path is equal to the 
total current, J, flowing through the surface bounded by the path. Note that the current density may con- 
sist of a conduction current density, o E, caused by the presence of an electric field E in a conductive 
medium with conductivity o and a convection current density 9 u due to motion (with a velocity u) of the 
free charge distribution g. The surface integral of J is the current, /, flowing through the open surface S. 


Faraday’s law states that the line integral of the electric field about a closed path is equal to the 
negative rate of change of the magnetic flux @ flowing through the path. This means that the changing 
magnetic field induces “emf” (voltage) in a path surrounding the field. 


The last of the four Maxwell's equations states that the surface integral of magnetic field, or total 
magnetic flux flowing out of aclosed surface, is zero. This expresses the fact that magnetic charges have 
not been found in the nature. 


As aconsequence of the conservation of charge, the charge density, g,, and the current density, J 
are related by the equation of continuity which is 
~ Te — 24 
VJ= ar 
The principal of conservation of charge, like the principle of conservation of momentum, is a fundamen- 
tal postulate or law of physics. It states that the electric charge is conserved; that is, it can neither be 
created nor be destroyed. 


5.7.3. Constitutive Relationships 


To solve an electromagnetic field problem, we need, in addition to Maxwell’s equations, the fol- 
lowing constitutive relationships, which specify the properties of the medium in which the field exists. 
Table 5.7-3 lists the constitutive relationships between the field pairs E and D, H and B, and J and Ein 
free space (vacuum) as well as in an isotropic/linear dielectric medium. In the relationships, €o is the 
permittivity, also called dielectric constant, of free space (= 8.854 x 10-!2 farad/meter); uo is the perme- 
ability of free space (= 4 ~ x 1077 henry/meter); €, is the relative permittivity, or relaiive dielectric 
constant (a dimensionless quantity); 4, is the relative permeability (a dimensionless quantity); o is the 
conductivity (mho/m), Note that the free-space medium is a special case of isotropic/linear medium 
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where €, = 1, 4,= 1, ando=0. In an isotropic/inear medium, the two vectors in any of the constitutive 
relationships (e.g., between J and E) are oriented in the same direction and are related to each other via 
the scalar properties (e, u, 0) of the medium. 


Table 5.7-3 Constitutive Relationships 


RELATIONSHIP BETWEEN 
[pact [pew | dese 











\sotropic/linear 2 PS - Ls 


*Ohm’s law. 






In the case of an anisotropic/inear dielectric medium, such as the magnetized plasma which is 
the upper boundary medium of the earth-ionosphere waveguide, the dielectric constant and conductivity 
may be different for different directions of the electric field as a result the dielectric properties, € anda, 
and this they arc tensor quantitics (Ref. 19). As arcsult, D and J depends on all three components of E. 


For harmonically (sinusoidally) time-varying fields (i.e., exp (iwt) time dependence), the dielec- 
tric constant (permittivity) is, in general, a complex quantity and expressed as: 


e=e'—ie” 
where both e’ and eé'’ may be functions of frequency. 


The ratio e’/e’’ expressed by Eq. 5.7-1, is called loss tangent because it is a measure of power 
loss in the wave propagation medium 


t = ee ~ a a 
an 6, ae (5.7-1) 

Note that the speed of light in a lossless medium is (€#)~ 1/2 Which in free space reduces 
to (Equip) */? 
(a dimensionless quantity). In the case of a lossy medium (ie.,€’’ 0), n isacomplex quantity. In free 
space, iS unity since €, =, = 1. 


. Furthermore, the ijdex of refraction, n of an isotropic medium is /é, uy 


On the basis of Eq. 5.7-1, a medium is said to be good conductor if@ >> we’, anda good insulator 
(diclectric) if we’ >>o. Thus, a material may be a good conductor ai VLF but may have the properties of 
a lossy dielectric at very high frequencies. For example, for a moist ground which has the relative dielec- 
tric constant of about 10 and conductivity of 10-2 mho/meter, the loss tangent is 1.8 x 104 at 10 kHz, 
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which makes the moist ground arelatively good conductor. At 10 GHz (10x 10!?Hz), the loss tangent is 
1.8 x 10-3 and thus the moist ground at 10 GHz behaves like an insulator. 


§.7.4 Boundary Conditions 


The field equations, described in Section 5.7.2, are valid at points in space in whose neighbor- 
hood the physical properties of the medium vary continuously. However, at any surface separating one 
medium from another, there occur sharp changes in the medium parameters €, p, anda. These changes 
result in discontinuous field quantities across the discontinuity between the two media. In solving elec- 
tromagnetic field problems, we need boundary conditions, listed in Table 5.7-4, to relate the electric and 
magnetic fields on the two sides of a discontinuity. The boundary conditions are obtained by applying 
Maxweli’s equations at the two adjacent points, one on each side of the discontinuity. In the table, each 
field quantity has two subscripts. The first subscript t or n denotes the tangential or normal component of 
the field, respectively, and the second subscript (1 or 2) indicates the medium to which the field compo- 
nent belongs. 


From the boundary conditions table (Table 5.7-4), we note that the tangential component of elec- 
tric field, ,, and normal component of magnetic flux density, B,, are always continuous at the interface 
between any two media (see Fig. 5.7-3), For the case of source-free interface, both the tangential com- 
ponent of magnetic flux intensity, H,, and the normal component of electric flux density, D,,, are continu- 
ous. Whenever there are sources, i.e., non-zero surface charge density, source i.e., Qs # O (and 
non-zero surface current density, source, i.e., j, # O), D, (and H,) are discontinuous at the interface by 
the amount equal to the electric (and magnetic) field source magnitude. From the table, note that for a 
perfect conductor, there can be no electric and magnetic ficids inside a conductor. 


Table 5.7-4 Boundary Conditions for Electric and Macnetic Fields 


Tangential Normal Component of ges Normal Component 
Media 1 and 2 Component of Electric Flux Ma re Flux of Magnetic Flux 
Electric Field (E;) Density (D,) ben sity (H)) Density (B,) 
04, O2 arbitrary 
(o A ~) 


Medium 1 is a perfect 
conductor (a, =) 
with current sheet 
density j, and charge 


Gensity Og at the inter- 
face between media 
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Ent, Hy 


Figure §.7-3) Field Components at point P on th ce Between Media 1 and 2 


§,.7.5 Wave Equations 

We will now consider applying Maxwell's equations to wave propagation in an unbounded, 
homoxyencous, isotropic, and linear medium with no sources (current or charges). For harmonic time 
dependence of the wave field quantities (from which an arbitrary time dependent field quantities can be 
casily derived by the principle of super: voition), Maxwell's equations reduce to the following homoge- 


neous vector wave equations, also called homogeneous vector Helmholtz equations: 
VE+KhE=0 
VE+RH = 


where V? as the Laplacian operator (see Section 5.6.2), k? = wen = (wequo) (Eur) = 
Ay? Gfy m ky? 7) cn 3 27f, fis the signal frequency, and n is the refractive index of the medium. The 
conmuant Ads called the propagation constant (or wave number), In free space (€, = My = 1) 


; i be gee eas 
Kapky = w JE gly at 
where cas the speed of lipht in free space. 


Jn the Cartesian coordinates, the rectangular components of and Hi satisfy the scalar wave 


Hons tok by. 5.7.2 for dé, £y, and £,, ory, Hy, and H;, Note that all fields that satisfy Maxwell's equa- 
Hons alo satisfy the wave equations. The converse is nottruc, A pair of field vectors and H that satisfy 


wave equations constitute admissible electromagnetic fields only if at the same time they satisfy Max- 
weil cqguagons, Purdiennore the ficids must behave properly at the boundarics in accordance with the 
boundary conditions listed in Table 3.7-3. HWthe wave propagation region is unbounded, attention must 


also be patd tothe Geld belnivior at intinity (see radiation condition in Ref, 35). 


ws 
c 
no 


5.7.6 Plane Waves 


The harmonic plane wave solution of Maxwell's equations ts of buth theoretical and practical 
importance in understanding Omega/VLF signal wave propagation, a9 the electromagnetic fields of 
very general form can be represented by superposition of harmonic plane waves. A plane wave ina 
particular solution of Maxwell's equations, with the electric field # (similarly, the magnetic field H) in 
the same direction and same phase over each of the Infinite planes perpendicular tu the direction of wave 
propagation, The equiphase surface of a wave is called wave frontor phase font, A plane wave is uni- 
form when the amplitudes of FE and H are constant over the equiphase surfaces, First, we will consider 
plane wave propagation ina non-conducting (lossless) medium and then in a conducting (lossy) 
medium, Finally, we will discuss reflection and refiaction uf plane waves fiom a planar boundary, 


Non- Conducting Medium — The medium is assumed ty be sotrople and dineat, In this medium, 
consider a uniform plane wave characterized by a uniform 2, (constant magnitude and constant phase) 
over plane surfaces perpendicular to the z axis of he rectangular coordinate system, Note that the field 
Ly is a phasor and depends only on the 2 cordate, Vor thls case, tie aalition uf Uie Waive equation, 
iq. 5,7-2, is 


E(t) = BS exp (the) +t bo exp Uky (5,7-3) 


where 1° and Ey" are arbitrary (in general, complex) constants that ore determined by the boundary 
conditions and & is the propagation constant in dhe mediui, 


Now let us examine what the first phasor tern: on the right-hand side of Ey. 5.7-3 represents in 
real Gime, Based on the complex notation representition described in Section £.6 and assuming that 


EY = EG to be a real constant (zero phase at z= 0), the instantaneous dependence of £3) is given by 
LEX (nt) = Re Lay exp (~dkz) exp (iwt)] (5,7-4) 


= 1) cos (wt - kz) 


Lig. 5.7-4 has been plotted in Fig. 5.7-4 for several values of time 4, Atr= 0, £2'(2,0) = Lo cos ke isa 
cosine curve with an amplitude “g, At successive times, the curve effectively travels in the positive z 
direction, We have, then, a traveling wave. If we fix our attention on a particular point (a point of a 
particular phase) on the wave, if seems to move with a velucity up, called phase velocity, which is 
given by 


vy, Eo Dew et ee ye 
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Figure §.7-4 Wave Traveling in Positive z Direction: Et (z,t) = Ej cos (wt-koz) 
for Several Vaiues of Time ¢. 


Note that in the free space, €, = 4, = 1, and hence n = | and vp =c = 3 X 108 meters/second. 


The wavelength, A, of a wave is defined as a distance (see Fig. 5.7-4) in which the phase of the 
wave increases by 27 radians at any instant, Thus, KA = 2zr, or 





ke Lise 


In free space, the wavelength A => A, = c/f. Note that the wavelength is used as a measure of whether 
a distance is jong or short, At Omega frequencies (10-14 kHz), the wavelength in free space is approxi- 
mately 30-21.5 kim, whereas the free-space wavelength at 1000 kHz is only 0.03 km. Thus, a distance 
of 1 km is very short at Omcga frequencies but very long at 1000 kHz. 


i ee a ee 


It is obvious, that the second phasor term on the right-hand side of Eq. 5.7-3 represents a sinu- 
svical wave traveling in the --z direction with the same phase velocity as uy. If we are concerned only 
with the wave traveling in the +z direction, then Eg = 0. However, if there are discontinuities in the wave 
propagation medium, reflected waves (i.e., Zp) traveling in the opposite direction must also be consid- 
ercd in the electromagnetic field solution of Maxwell's equations, as we will see later. 
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The magnetic field H associated with E, can be found by solving Maxwell’s equations. Thus for 
the case of the electric field Ef(z,2) in Eq. 5.7-4, the rectangular components of the associated magnetic 
field H phasors are 


HS =0 
Hy =} EF® , (5.7-5) 
H? =0 


where (= Ju/e) is called the intrinsic impedance of the medium. In free space (€ = uw, = 1) 
N => No = 1202 = 377 Q (ohms) 


. . . . eo . me . 
Because 77 is real in a non-conducting medium, 1 ¥(2) is in phase with £y (z) and thus we can write the 
instantaneous expression for H as 


il 


Hz,1) = § HG.) = ¥ Rely (2)exp (iwr)] 
E+ 
y 7 cos (wt-kz) 


Hence, for a uniform plane wave the ratio of E and H is the intrinsic or characteristic impedance of the 
medium. We also note that H is perpendicular to E and that both are normal to the direction of propagi- 
tion. Figure 5.7-5 shows an instantaneous picture of E and H fields in a traveling uniform plane wave. 
Note that our specification of E = x E, as an electric field parallel to the x axis is not as restrictive as it 
appears, inasmuch as we are free to designate the direction of E as the +x direction, which is normal to 
the direction of propagation uz. 


x G- 614 





Figure 5.7-5 Instantaneous Picture of E and H in a Traveling Wave 
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The plane wave described by Eqs, 5.7-4 and 3.7-8 isa dincarly polarized wave; 9 electric field 
vector is atall times in the sarne (i.c.,a) direction, Figure $.7-Ga shows the direction of the electric field 


Fig. 5.7-6b, In this general situation, the wave is said to be elliptecally polarized, Ata fixed value of 
z, the clectric field EF rotates as a function of thine, and the Up of the vector field traces out an ellipse. 
Two extreme cases of Clliptical polarization corenpond tu circa: polarization as show nin) ig. 87-66, 
and linear polarization as shown in Vig. $.7-0a, Dor the clreular polarization, 2) Ly: while, fea 


the lincar polarization Ey = 0, Note thatthe field vector of a plane wave lage the Ty field seutor by 


is said to be right-handed ifthe Instantaneous clectris held vectur rotates inthe ditection ol fingers al the 
right hand when the the thumb points inthe direction of propagation ‘The poluization be said tobe left 
handed if the instantancous field veetur rotates in the oppoaite direc tun. 


Conducting Mediums Tn a conducting medium, the wave equation and dO ple wate aol 
tion have the same general form ae ina non-condiucting Coss-fee median However (he propagation 
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where Ao isthe datelaste phase constantand kbs the dntrinsle attenuatlon constant, There are several 
Jussy media uf Interest tu us for which Table 57-4 lists the approximate expressions for phase and atten- 
tutlon constants (AY and A’). 
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then the fields are given by 


Ef = Ej exp (-k''z)cos (wt -k'z) 
eB 
Hy = yr oP (-k''z) cos (wt -k'z — £) 


Due to the phase angle €, the E and H fields of the wave are not in phase. Figure 5.7-7 illustrates the 
effect of attenuation in a wave of this type. Note that the envelope, (the curve connecting minima and 
maxima of the waves) is propc-tional to exp (-k’’z). 


For the case of a high conductivity medium (o >> we’), as displayed in Table 5.7-4, we have 


a 7 Ouo 
kos k" = 5 
_ /2 
yl = a 
= Z 
b 4 
a =e 2mi2 
kt lope 


Thus, for a high conductivity medium, the attenuation constant is very large and H lags E by 45 deg, and 
the wavelength is very small compared to the free-space wavelength. Forexample, at the Omega signal 
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frequency of 10.2 kHz, the wavelength is approximately 29.4 km in free space and 15.6 meters in sea 
water (o >> we’), a difference between the two wavelengths of about a three orders of magnitude. 


A wave starting at the surface of a good conductor and propagating inward is very quickly 
damped (absorbed) to insignificant values. The wave field is localized in a thin surface layer; this phe- 
nomenon is known as skin effect. The distance in which a wave is attenuated to 1/e (i.e., 36.8 percent) of 
its initial value is called the skin depth or depth of penetration, 8. This is defined by the condition that 


K’6=1, or 
Sis ad os Ae ates 
ous ~ = In 


where Ag, is the wavelength in the good conductor. The frequency dependence of the skin depth of the 
various soils/materials forming the earth’s surface is shown in Fig. 5.7-8. In the figure, note that the skin 
depth of Omega signal waves (10-14 kHz) is approximately: 


1, 2.5 meters in sea water (o = 4 mho/m), which means Omega signals attenuate very 
rapidly in sea water. For example, the signal is attenuated more than 99 percent over 
a distance of about 15 meters in sea water and therefore Omega navigation is limited 
to several meters of depth below the sea surface. 
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Figure 5.7-8 Skin Depth vs. Frequency for Various Earth Materials 
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2. 1600 meters in a fresh-water ice region (9 = 1075 mho/m) such as Greenland/ 
Antarctica, which means that Omega signals attenuate very slowly in an ice cap 
region and therefore Omeya navigation is possible under the polar ice cap. 


5.7.7 Reflectlon and Refraction of lane Waves 


Omega signals propagate from a transmitter to a receiver by successive reflections from the 
carth's surface and the jonosphere boundary of the carth-ionosphere waveguide, Therefore, in this sub- 
section we will discuss reflection and refraction of plane waves incident on a planar boundary between 
two dissimilar media, as illustrated in Fig, 5,7-9, Let the dacident wave (in medium 1) make an angle 0, 
with the y axis (the normal to the boundary), the reflected wave (in medium 1) makes an angle 0, with the 
y axis, and the transmnited wave (in medium 2) make an angle O with the negative y axis, Note that the 
transmitted wave is the refracted wave and 0, is the angle of refracdon, Av mentioned in Section 5.7.8, 
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vector parallel to the plane of incidence and the other with the electric field vector perpendicular to plane 
of incidence. The plane of incidence is a plane containing the wave propagation direction and the normal 
to the boundary between the two media. The waves with the electric vector field parallel] and perpendic- 
ular to the plane of incidence are commonly referred to as the e-wave or transverse magnetic (TM) wave, 
and /-wave or transverse electric (TE) wave, respectively 


At the boundary between the two media, the electromagnetic fields of the incident, reflection, 
and refraction waves raust satisfy the boundary conditions listed in Table 5.7-3; as a result, we get 


I 


0; (angle of incidence) 
(sin 6,/sin 6,) 


6, (angle of reflection) (5.7-6a) 
(ny/n) (5.7-6b) 


where ny and nz are the refractive indices of media 1 and 2, respectively; the second relationship, 
Lig. 5.7-6b, is familiar in optics and is known as Snell's law, 


For Omega/VLF signal propagation, two types of two-medium boundaries are of interest. The 


boundary of the EI waveguide, The second type is the boundary between air (medium 1) and magnetized 
plasma (anisotropic medium 2), similar to the air (magnetized) ionosphere boundary of the EI wave- 
guide, Therefore, we will present below the reflection and transmission (refraction) coefficients for the 
case where both media are isotropic, homogencous, and conducting. As the reflection and refraction 
formulas for the second type of boundary, the air-(magnetized) plasma, are quite complex, we will give a 
qualitative discussion of the reflection and transmission of the waves form such a boundary. 


CASE 1: Reflection and Refraction at the Boundary Between Two Isotropic Media 


The reflection coefficient X and the transmission coefficient T for the plane wave incident at the 
boundary y = 0 in (see Fig. 5.7-9) are obtained by applying of the boundary conditions at the boundary. 
There are given in the first row of Table 5.7-3, which considers 01 and 02 as arbitrary quantities. Asa 
result, foran incident ¢ wave, the reflection cocfficient, R,, and transmission coefficient, 7,, are given by 
(Ref, 10) 


1/2 
n} cos 6; — n(n2 — n? sin? @,) 
Rp = - a (5.7-7a) 
n2 cos 6; + n(n} ene Sith? 0,) 
7. = (1 +R) (cos 6,/cos 4) (5.7-7b) 
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Similarly, for an incident h wave, we get the reflection coefficient, Rj, and the transmission coefficient, 
Th, given by 


1/2 
n, cos 6; — (n2 = ne sin 26)] 


R, = (5.7-8a) 


1 
n, cos 0; + (n3 — n? sin 261) 


T, = 1+R, (5.7-8b) 


Recall that the refractive index, ng, for the medium / (= 1,2) is given by 


Np = (e'p/€o\(l + i tan Oey ) 


tan Og = O,/(w, &') 
where €'y and 6;¢ the real part of the permittivity and loss tangent of /‘* medium. The reflection coeffi- 
cients are also called the Fresnel reflection coefficients. 


For the case where medium 2 is a highly conducting medium (InzI>>1 because o >> we’) 


R, and R, => (- 1) 


T, and T,, => 0 


Note that the above expressions for the reflection and transmission coefficients are consistent with the 
boundary condition (see Table 5.7-3) which requires that the tangential component of the electric field 
vector must vanish on the surface of perfect conductor (In| = °° because @ = e). For the case of aTM 
plane wave incident at a plane dielectric (lossless) boundary, the incident angle at which there is no 
reflection from the boundary is called the Brewster angle for the TM waves. Similarly, there is a Brew- 
ster angle for the TE waves. However, if both media are non-magnetic (i.e., M1}, =42 = fg), there is no 
Brewsier angle for the TE waves. If the dielectric medium is a lossy medium, the Brewster angle is a 
complex angle in which the real part of the incident angle yields the smallest reflection from the bound- 
ary. The physical incident angle associated with the Brewster angle condition fora lossy medium bound- 
ary is called the pseudo-Brewster angle (Ret. 35). 


For the air-ground boundary, the reflection coefficients have the following general characteris- 
tics, an example of which is shown in Fig. 5.7-10 (Ref. 36). 
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Figure 5.7-10 Reflection Coefficients for an Air-Ground Boundary with the 
Ground Conductivity of 10+ mho/m (Ref. 36) 


TE Wave Reflection Coefficient 


1. The magnitude of reflection coefficient increases regularly with increasing angle of 
incidence and with increasing frequency; the magnitude is higher when the ground 
conductivity is greater and the frequency is lower. 


2. The phase of reflection coefficient is always in the proximity of 180 deg. 
TM Wave Reflection Coefficient 


1. The magnitude of reflection coefficient first decreases with increasing angle of 
incidence, 9, until 6 has attained a critical value, the “pseudo-Brewster incident 
angle;” the magnitude then passes through a minimum after which it increases very 
rapidly towards the grazing incidence (@ = 90 deg) to the boundary. 


2. The angle 6 corresponding to the minimum value of the reflection coefficient is 
smaller when the conductivity is greater. 


3. The phase of the reflection coefficient starts at a very low value at normal incidence 
(0 =O deg) a . then increases very slowly until @ reaches in the neighborhood of 
pseudo-Brewster incidence, after which it approaches 180 deg for the grazing 
incidence. 


CASE II: Reflection and ..efraction at the Boundary Between Free-Space and Anisotropic Plasma 


This case ¢ ~-1Case in that now medium 2 is anisotropic (magnetized plasma). Note that 
in Case I, where » are isotropic, an incident TE wave gives rise to a reflected wave with the 
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same properties (i.e., another TE wave), similarly, an incident TM wave causes a reflected TM wave. 
However, in Case JI, the anisotropic medium causes the reflected wave to be elliptically polarized (i.e., 
having both TE and TM wave components as shown in Fig. 5.3-6), independent of whether the incident 
wave is TE or TM wave. 


Furthermore, the anisotropic plasma medium has a double-valued refractive index. As a conse- 
quence, there are two transmitted waves for each incident wave (Ref. 15). They are (nearly) circularly 
polarized in opposite sense and are called the ordinary and extraordinary waves. The ordinary name 
comes from the fact that for a vertically incident wave, the ordinary wave behaves as though there is no 
magnetic field in the anisotropic medium. We will not present the reflection coefficient expressions for 
this case as these expressions are quite involved and can be found in any book on wave propagation in 
magnetized media (cf., Ref. 15). 


5.8 APPENDIX: ELECTROMAGNETIC FIELD COMPONENTS OF A 
TRANSMITTING SOURCE 


Consider the transmitting source to be a small (relative to the signal wavelength), vertical, elec- 
trical monopole on the surface of a flat, perfectly conducting earth (see Fig. 5.8-1(a)). Assuming a uni- 
form current /(f) = f2 I cos wt (where /is the rms current) along the monopole of effective height h,*, the 
resulting rms electric and magnetic fields at the distance 9 (meters) from the monopole are given by 
(Ref. 8). 
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where E, is the rms vertical electric field (volt/meter), Hg is the rms tangential magnetic field (ampere/ 
meter), €q is the free-space permittivity (=8.854 x 10-!2 farad/meter) ug is the speed of light in free space 
(= 3x10!9 m/s), w = anf, fis the signal frequency, and i = fle 


*It is the integral of the electric current /(t) over height and divided by the base current, (/2D. 
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It is interesting to note the effects of distance upon the various components (electrostatic, induc- 
tion, and radiation) of E, and Hy. Ate =A9/2z (note that vp = fg where Ag is the signal wavelength), the 
induction and radiation components are equal. Beyond one wavelength, the radiation component domi- 
nates and its E, and Hg fields decay as (o)-!. Figure 5.8-1(b) shows the distance dependence of E, and 
Hg for distances of up to one wavelength from the source. In this figure, it can be seen that forO = @/Ag< * 
1, all three components are contributing; while, for @/Ap < 0.1, the electrostatic component term domi- 
nates. The far-field components of the electric and magnetic fields are related by E; = —7joHg where yo 
(= 120s) is the characteristic impedance of free space. 


Assuming that P, is the power (watt) radiated by the monopole whose effective height, Hp, is 
small relative to the signal wavelength (i.e., he <0.1 A), the rms value of the vertical electric field E, ata 
distance @ (meters) is approximately given by (Ref. 8). 
9,5p!/2 


r 





(volt/meter) 
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(i) Source Geometry 
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(B) Electromagnetic Fields 


Digure S.8-1 0 Llectromaguetic Hields of an Electric Dipole (Ref. 8) 








59 ABBREVIATIONS/ACRONYMS 


cec Centicycle (one-hundredth of a cycle) 
dB Decibel 

deg ‘Degree 

EI Earth-Ionosphere 

GDOP Geometric Dilution of Precision 
GHz Gigahertz 

hr Hour 

kHz Kilohertz 

km Kilometer 

mho/m mho per meter 

Mm Megameter 

PPC Propagation Correction 

rms Root-Mean-Square 

TE Transverse Electric 

TEM Transverse Electromagnetic 
™ Transverse Magnetic 

VLF Very Low Frequency 


UT Universal Time 
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OBSERVED SIGNAL BEHAVIOR 


Chapter Overview = This chapter addresses the observed behavier of Omega aiguats 
based ona synthests of obser ed and predicted behas lor, Section 6.7 tntrodio es impor: 
taal featiore. ! a Omega signals. Sec won 6, e 2 ind OS describe normal sana! he havior. 


Set tlen hr, Vea rth che ‘conditions Wea an Cnannal™ (ha reece daily) fut lead fai cuv oe 

age limttations, Abnormal atynal behavior partite slutty that assoctated with aclar 
flares, vdtvcuseed in Section 6.4. Interreluttonshipy between Omega vignaly atdiffercnt 
Jrequencles are fio ther addressed n Sec tony 6.8 and 6.6, which alvo titradace he con 

cept of Compostte Omega Section 6.7 and 6.6 aonmartic clverved Omega atgnal 
Achavier ay interpreted by theory and tent, aome general tendencies. Moblen, 
lachaling worked out examples and those tobe anempted by the reader, arefiamel in See 

Hon 6.4, Ablreviattonacronymy ved in the chapter are defined in Section 6.10 and 
Chagtcr references are livted tn Section O11. 


61 INTRODUCTION 


Dhis chapter addressee observed Gincga algnal behave: ob ntarpretition and caplination. 
Although the signal phic eof pomiary interest 1b worthwhile to fet iivtthe general properties of the 
Ome yi signa) ond some of (he Condoms Coat det be aatiafied ty mimhe Mieasurenicnty, 


Ay with any tidionavigation signed, Che cbatacteraicn of Osnepa slynale ate demetibedd i tern 
ofthe following algnal attabutes: ee pluse, dircston of anval, and polatzatien, Qbagr vation 
fat 


c 


there quantiticn depends on the cle Giietanees abd equipment of the observer Oboe sera rate trot 
OCHCO Ate WIEN epee dal cgeipracnl snitadel gape dally forthe altel prope ety Dede tudes) to as dea 
tore using highly Integeated recelvers who me concemed almost cacluelyely with derived ponttion 
Infomation Allciassea of observer must contend with observations made under both normal (geophya 
deally quiescent) conditions and those measured dung lonoaphenie disturbances. An additional con 


com de adequate obaciving conditions, be, good algnal (ao nele tatu and abacnce of Interference, 


Tithivacs tion, most attention Wii be directed topline chatactcstica, particularly oag of "well 
behaved nlynads recelved under quiescent lonoapherie conditions Since Gmiege ty a phase micusure 
mci ayaicn, position accunary depends on tie chang icraues OF diese “uscrul” aigneia, Torney, 
they ate undisturbed more than 93 percent of the tine 
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Although itis central to system accuricy, phase is not the only important signal attribute. If a 
signal cannot be received because of extraordinarily high local noise, locally generated interference, or 
high signal attcnuation, ifs propertics are inoot, Such circumstances may make navigation impossible 
and, thus, sigeal and/ut noise levels would be “most important” at that time and place, Fortunately, with 
good receiver installations, such circumstances are rare, Another important signal attribute is self- 
interference, Which may render the signal from a particular station unusable, An example is long-path 
Interference in which the slynal propagated from the station over the short great-circle path is contami- 
nated by, oF even dominated by, the signal propagated over the long great-circle path, Quite obviously, 
interpreting aMpenal as propagated over the wrong path usually causes gross error. 


Complesitics aside, the basis of Oniegi is that it sist be possible to relate phase changes ina 
receiver ty postion changes onthe ground, Tadced, an absolute relationship between phase measure- 
ment aod position normally caisty, Severe sclf-inierference may destroy this relationship at certain 
tlines and places, so that the measued phase becomes a random number not uniguely related to position 


or position changes (sce Section 6.3.8), Thus, a discussion of “useful” phase characteristics is confined 


This focus on slagle-mode phase variation leads to an understanding of Omega very much sim- 
pler from that which would generally follow fram direct application of Maxwell's equations, The basic 
Aotlon be that ofa plang wave with o phase velocity that may change slowly in time and space with day/ 
Apt honospherig vardationa, changes in ground conductivity, etc, This model is used not only because of 
ftacomparative mathematic d strplicity, but also because it auarapply ifthe signals are to be considered 
vectil The the great advantage of allowing propagation characteristics to be modeled using well- 
Lnows purincters suelr ay path loculion and orientation, rather than electromagnetic boundary condi- 
Hone in tie donanphere, which ae poorly known, However, the powerful full-wave models and 
computational techniques are especially needed and useful in answering the key question as to which 
hipnale ne “useful” 
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6.21  ‘Vhe Path 


dnp, wd (2p ticking perfect shielding, everything everywhere affects anything anyplace, We have all 


looked outon scene when, eventually, & window, Windshield or something assumes aperfect alignment 
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toreflect the sun. We may even find ourselves casting shadows by the reflected light. A previously unre- 
markable part of the scene has just become a major contributor of radiation incident on us. That is, the 
object has now become part of an effective “path.” The lesson is that it is always conceivable that some 
unusual set of circuinstances combine to reflect, refract, or focus electromagnetic energy along a path 
quite different from what one ordinarily expects. With that in mind, one usually expects Omega signals 
to follow a great-circle path. 


A difference between the example with the windshield and Omega signals is the wavelength. 
Although it is easy to find manmade components that are large with respect to light wavelengths, it is 
difficult to find or assemble structures that are comparable in size to the 30 km wavelength of 10.2 kHz 
Omega signals. This quite properly suggests that Omega signals will usually be received without the 
sometimes troublesome reflections from structures often found at higher frequencies. However, it does 
not ensure Omega reception via the great-circle path. Also, natural features, e.g., coastlines and the day- 
night terminator, can easily be large with respect to a wavelength. 


If there is a marked asymmetry between conditions right and left of a propagation path, the great 
circle path assumption should be questioned. Basic principles of electromagnetics and optics, such as 
Fermat’s Principle*, do, indeed, apply to Omega signals. However, in the absence of extremely anoma- 
lous conditions, one does not expect that path deviations would be sufficient to cause phase variations 
much different than those expected on a great-circle path. Thus one expects the steady state propagation 
calculations based on great-circle paths to be relatively accurate. However, if the day-night terminator 
intercepts the path, the apparent diurnal pattern or direction of arrival could be different from that pre- 
dicted by steady-state, great-circle calculations. 


An important concept is that of the effective propagation path. From the hop theory of radio 
propagation (Chapter 5, Section 5.1), itis apparent that no energy reflected directly over a receiver will 
reach the receiver. Rather, the rays that contribute primarily to the signal at a remote point are those 
launched and received more or less tangentially. For D-region ionospheric heights, a tangential launch 
corresponds to a first ionospheric interaction at about 9 degrees of arc (1000 km) from the transmitting 
source. As this is an absolute limit in hop theory, a smaller figure, such as 6 or 7 degrees (700 to 800 km) 
is expected for a typical path shortening. (In waveguide theory, calculations of the size of the first 





*Sometimes referred to a Fermat's Principle of Least Time but used here in the more modern sense 
wherein the path traced by a beam of electromagnetic energy represents a minimum, inflection, or 
even a inaximum in time. A modern statement is: Any path from A to B whose length is stationary 
with respect to a variation of path, and only such a path, is an actual path from A to B. 
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oblique Fresnel zone lead to similar results). Effectively, a portion of the first (or last) 6 degrees com- 
prises the excitation (or de-excitation) region while in the mid-path the signal phase is modeled by incre- 
mental phase velocity or wave number contributions along the great-circle path. The notion of an 
effective path is developed more extensively in Chapter 9 (cf. Fig. 9.3-2). 


The distinction between total geometric path and effective path is especially important when it is 
remembered that 7 degrees of arc on an east-west path corresponds to about a half hour at the equator and 
more elsewhere. Thus the distinction is especially obvious when considering diurnal phase change. 
Figure 6.2-1 shows a portion of a hypothetical diurnal phase variation near sunrise on the eastern end of 
an approximately east-west path. Once the terminator begins its transit through the mid-path region, the 
diurnal rate of change will be on the order of 10 cec/Mm* depending on path details. For an equatorial 
east-west path, the 15 degree/hour rotation rate of the earth corresponds to 1667 km/hour. Thus the slope 
of the diurnal change is 17 cec/hr but can be much higher for a north-south path. ‘The consequence of a 
half-hour error in estimating the transition onset time is indicated by the dotted line in fig. 6.2-1, The 
solid line shows the situation with the transition beginning with the start of mid-path illumination at 
point B, that is, when the sun illuminates the area at the effective eastern path end. (Ref, 1 describes the 
situation in more detail, especially in Fig. 4.) 


Experimental evidence supporting the notion of an effective path may be obtained as follows, 
First, examine the start of sunrise on a north-south path when the illumination occurs simultancously at 


() 363m4 
12-23-43 


Phase (cec) 





Time 


Figure 6.2-1 Phase Behavior at Start of Sunrise on a Long East-West Path 


*Mm is the abbreviation for megametcr, a 1000 km unit of distance. 
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al! points on the path. This time, corresponding to points A or B in Fig, 6 2-1, can be determined to an 
accuracy of ] to 3 minules using a continuous analog recording, Then, compute the solar zenith angle 
corresponding to this start of sunrise. [As calculated, this angle corresponds to the moment when the 
sun’s first fecble rays strike the ionosphere from widerncath (98°).) Use this defining zenith angle to 
determine where sunrise begins on an cast-west path, As expected, the answer turns out to be about 6 de- 
grees as shown in Table 6.2-1 (from Ref. 1), 


Table 6.2-1) End-Path Size from Phase Recordings 
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6.2.2 Speelfle Spatial Behavior On Radial Paths 


Radial paths, L¢., those directly outward from stations, are the most easily analyzed. While of 
afew specific paths under simplified but real conditions. This means that while path orientation, mag- 
netic field, and ground conductivity may vary along the path, the variation is relatively slow, In measur- 
ing sigouls along radial paths, itis more convenient to examine signal amplitude rather than phase, 


tude is readily measured and varies more slowly sy that itis easily referenced to approximate positions, 
Further, the character of the amplitude variation reiates closely to the character of the phase variation; a 
simple amplitude variation will correspond to a single dominant mode and, hence, a simple phase 
variation. 


Figure 6,2-2 shows amplitude variation measured on an aircraft flying from the La Reunion 


transmitting station on a southwest hearing during daytime conditions, Asean be seen, variation is quite 
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Figure 6.2-2 10.2 kHz Omega La Reunion Signal Amplitude Along a Nearly Radial Path 
(235°-253° Geographic Bearing) During Path Day (0705-1310 UT) 


close to the transmitting station, propagation is essentially by groundwave. At greater distances along 
the path, a dominant first mode is established and variation is again uniform. . 


Figure 6.2-3 depicts a similar situation except that the path is nearer the magnetic equator and the 
signal is at ahigher frequency. The variation is more pronounced showing the presence of a slight com- 
peling mode even out to arange of 2Mm and beyond. The character of the amplitude variation indicates 
effective interaction between a dominant mode and a single competing mode. In this case, it is possible 
to relate peak amplitude deviations to peak or root-mean-square phase deviations. For the 5 dB maxi- 
mum-to-minimum amplitude variation occurring at a range of about 2 Mm, an associated maximum 
phase deviation of abuut 4 cec is obtained.* 


Figure 6.2-4 is similar to Fig. 6.2-2 except that the signal amplitude is measured at night. The 
severe fade at 400 km is sufficient to suggest the possibility of cycle slipping (cf. Section 6.3.8). How- 
ever, as range increases, interference rapidly dies out. This is a good example of a mid-latitude path 
becoming dominated by a single mode at night. 








*Computation is straigatforward, however, a convenient nomograph is derived and given in Ref. 35. 
It relates relative mode strength, size of observed maximum-minimum fades, peak phase deviation 
and RMS phase deviation for two competing modes. 
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Figure 6.2-3 13.6 kHz Omega Hawaii Signal Amplitude Along a Radial Path 
(64° Geographic Bearing) During Path Day (1510-2340 UT) 


Figure 6.2-5 illustrates a case of severe interference. It shows interference at night on a west- 
bound path not on the geomagnetic equator but in the lower mid-latitudes. Interference between modes 
is severe and the signal is considered unusable for navigation even though the amplitude is reasonably 
high. It may be compared with computations shown in Fig. 5.5-5. While the curves show differences, as 
might be expected fromm variations in flight azimuths as well as from routine night-to-night ionospheric 
variations, doth indicate severe interference. 


6.2.3. General Spatial Behavior 

This section addresses spatial variation of signal behavior particularly as is needed for syste: 
calibration. Discussion of these variations provides a basis for development of Propagation Corrections 
(PPCs) as is discussed in Chapter 9, The interpretation developed here is appropriate for the explanation 
of weil-behaved signals useful for navigation, that is, most Omega signals. A unified approach is used in 
which all aspects of spatial variation are addressed simultaneously. 


Spatial variation is best considered by first restricting other variations as much as possible. This 
means selecting data free from the effects of geophysical disturbances. A second selection is by consid- 


ering measurements during only two diurnal conditions: “day” and “night.” In discussing propagation, 
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Figure 6.2-4 10.2 kHz Omega La Reunion Signal Amplitude Along a Radial Path 
(253° Geographic Bearing) During Path Night (1440-2105 UT) 
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Figure 6.2-5 13.6 kHz Omega Hawaii Signal Amplitude Along a Nea:ly Radial 


Path (273°.-281° Geographic Bearing) During Path Night/Sunrise 
(1235-1840 UT, 0905-1425 UT, 0755-1525 UT) 
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“day” means that an entire propagation path or paths is illuminated while “night” means that the path or 
component paths are entirely dark. A further restriction is to those measurements corresponding to prop- 
agation by Mode 1. From Section 6.2.2, spatial variation may be treated as if signals actually propagate 
over great-circle paths. A further convenience is that the point-to-point variation of propagation param- 
eters along typical paths is usually small. For example, even a change from sea water to land typically 
corresponds to a change of phase velocity of only a few parts in 10*. Also, for the selected day or night 
periods, point-to-point ionospheric variations are comparably small. These are the required conditions 
supporting a mode] incorporating path averaging wherein the resultant signal characteristics can be 
explained by incremental variations attributed to characteristics along a path. (This method is also used 
in the full-wave computational models mentioned in Chapter 5, Section 5.1.) In mathematical form, this 
model not only provides a means of predicting signal characteristics, it also provides a means of deter- 
mining the sensitivity of Omega signals to the various parameters through regression analysis on an 
appropriate database (Ref. 2).* 


Within the constraints of this model of spatial variation, it is important to realize that there is no 
essential difference between a phase measurement and a phase-difference measurement. Both reflect a 
mathematical combination of incremental phase shifts over a variety of propagation conditions. There 
is, perhaps, a tendency to regard a single radio propagation path as a “thing” of unique physical impor- 
tance while a phase-difference is considered a mathematical artifact. This is simply not true. Indeed, the 
resultant phase over a simple path on the real earth represents propagation over a variety of conditions so 
the measurement cannot be associated with any single condition — any more or less than a phase- 
difference could. Our thinking perhaps gets muddled by oversimplifying to an idealized earth that is 
both homogeneous and isotropic; the real world is neither. 


Thus, in a sense, phase and phase-difference measurements are interchangeable as data for the 
study of spatial phase variation. This is indeed fortunate as phase-difference measurements are easy to 
make while direct phase measurements are extraordinarily difficult. Direct phase measurement requires 
not only a local clock precisely synchronized to the transmitter, it also requires an antenna arrangement 
free from coupling to local objects. Such coupling can distort phase measurements by nearly 90° but wil] 
affect all signals similarly so that phase differences are not perturbed (Ref. 3). 


*Applied to phase prediction over a signal path, the mathematical development referred to here is 
covered in Chapter 9. 








A difficulty in making meaningful phase or phase difference measurements is the need for accu- 
rate reference survey. Since Omega navigation utilizes signal phase or phase-difference, it is not surpris- 
ing that measurements of these quantities are very sensitive to the position of the receiver. A hyperbolic 
instrumental accuracy of one centicycle at 10.2 kHz corresponds to a displacement of 150 meters on the 
baseline connecting the pair of stations. Even today, reference data on which maps are based may not be 
that good. This is particularly true when it is remembered that the position of importance is the receiver 
with respect to the station(s) which may be on different continents. Presently, the Global Positioning 
System (GPS) provides the best reference. 


Within the interpretive framework outlined above, each signal measurement is associated with 
particular defined incremental geophysical/electromagnetic conditions such as ground conductivity, 
geomagnetic latitude, path orientation, etc. Further, regression analysis of this set of measurements 
reveals particular sensitivities of Omega signals to each of the various conditions. Essentially, this is the 
means of calibrating the spatial variation of Omega signals. Two especially good features of the 
approach are: (1) there is ameans of improving calibration through acquisition of more data and repeated 
regression analysis, and (2) the required path parameters, e.g., path orientation with respect to the geo- 
magnetic field, are known. The latter circumstance is particularly desirable when contrasted with ap- 
proaches requiring ionospheric electron de..sity profiles that are not well known. An undesirable aspect, 
perhaps, is that the entire system calibration problem is addressed at once. This makes it difficult for the 
student to grasp the various aspects separately. 


The results of regression analysis can, however, be displayed as phase velocity variations with 
respect to the various parameters, e.g., ground conductivity. One can also display phase velocity varia- 
tion as a function of direction for various geomagnetic latitudes. This shows that signal behavior is much 
more sensitive to small changes in path conditions during the night than during the day and much more 
sensitive near the geomagnetic equator. Regression analysis also was used to locate and evaluate veloc- 
ity variations due to propagation under the auroral (or austral) zone (Refs. 4 and 5). 


6.2.4 Diurnal Behavior 


Unfortunately, Omega signals vary in time as well as in space. For a navigation signal attribute, 
one would prefer something that varies only with position in a mathematically simple way. However, the 


Spatial variation of phase depends on path orientation, ground conductivity, ctc., in a rather complex 


way. The effect of spatial variations can be simplified by selecting data for two clearly distinct periods: 
path-day and path-night. The situation becomes more complicated if paths of mixed illumination are 
considered. 








Jn this discussion some old data will be used. The reader may well wonder why. The reason is 


should be employed. ‘The last equipment to do this properly incorporated vacuum tubes! Nevertheless, 
aomne very good meayurements were made — including those to be presented, Modern practice is to 
“measure” amplitude based on an estimate of noise and the resultant phase variance of the Omega mea- 
bwetnent. ‘Ehis ty riore than adequate to study the characteristics of modal interference using signal 
higasufiog equipaacntonaicralt fying radial paths from transmitting stations, In an engineering sense, 
has saiie nlvantage ni thatthe newer technique addresses the same signal after limiting that an actual 


receiver Wauld process However, for dis discussion, we return to the more fundamental quantities. 


Daye G.2-0 Crom Keb of) shows the phase over a path between Forestport, NY and Balboa, 
Maratna Camel Zong, Whi h Was operated during early system development, The time period of these 
Observations Was sghected su that suntise ovcurs simultaneously over both ends of the basically north- 
sous pati. Several reates are apparent Adthough abrupt, the phase changes do not occur infinitely 
hot ‘Tits suggents tha: (he johoaphere has some effective time constant in its response to the “instanta- 
nvous char ge dn lviination. Lyen more apparentis a post-suarise dip, Thus conditions during path 
(aeditionie net ainple furs tions of Hluminauon, Some radio physicists attribute this behavior to the 
hinpeoy fornaten ofa reflecting °C" layer of donization at sunrise, igure 6.2-7 shows amplitude 
Valier over the sate path although notat the sane dine of year, Note the marked fade at the end of 
muntise cheat LOO UT) 


nbdbope pari, Gre would espectthat the segmentby-sepment behavior of the signal over this path 
could by infer from big. G.2°G, Starting just berore sunt ve, the first feature of note is the marked dis- 
(inet Vatition tram the nighttime devel Tn hict, the Ging of this onset ean typically be determined to an 
nerdy of about one minute fom a continuous recording (see Section 6.2.1). This abrupt departure 
from oightis cleatly a reaulead an abrept sunrise --- not a gradual jonospheric lowering related ty solar 
dem angle change. bofecsdier this sudden stift ie sunpise phase tansition, especially, exhibits a con 
Hivous tiny! Pi dao expected ae tiansition proceeds during volar transit trough the mid-path, There 
baslight plane de tater atthe cid ef sunine as one would expect om segment contribudons inferred 
Faiithe north soul palin Daye Go OG. Continuing in Ciuc, one notes a pliise decrease roughly corre: 


epondig te  tatanead the sola zenith angle dunup the diay. Mote precisely, the mintiaun phase ts 


Peled oro. CUE ADS Hintilea iter te avenage 2Cu i angie minimum, De the solar zenith angle is regarded 
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Figure 6.2-6 Diurnal Variation for a North-South Path (Balboa (Transmitter) 
to Forestport, NY, April 1963) Near the Equinox, 10.2 kHz 


as an effective forcing function, the effective ionospheric time constant during the day is shown to be six 
minutes. We will see this number again and it is important as a measure of how fast the ionosphere could 
respond to the unexpected as, for example, from a solar flare. Continuing in time, one proceeds through 
the sunset transition returning to the nominal night level. In particular, Fi: _: 2-8 indicates that the night 
level is not immediately reached but requires over an hour after the solar ..:umination of the ionosphere 
isended, This suggests another means of measuring the ionospheric time constant at night. Figure 6.2-9 
shows amplitude over the same path but not at the same time of year. It, too, exhibits qualitatively the 
behavior one would expect from using the north-south observation to model incremental changes. Note 
that the minimum signal amplitude occurs just after sunrise rather than in mid-day. Over a variety of 
paths, the signal amplitude is about 4 dB below nominal day level for about an hour at the end of sunrise. 
As one hour out of 24 is about 5 percent of the time, the sunrise fade is the proper 95 percent design point 
for Omega signal amplitude (Ref, 6). 
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Figure 6.2-7 — Plot of Mean Signal Amplitude (A) and Corresponding Standard Deviation (B} 
for the 10.2 kHz Signal Received at Farfan, Canal Zone, from Forestport, NY, 
27 November~-21 December 1962. 
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Figure 6.2-8 = Average 10.2 kHz Phase of the Haiku, HE Transmitted Sigial 
Reccived at Forestport, NY, 17-24 May 1906 
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Figure 6.29 Plot of tate Hicld Strength (A) and Corresponding Standard Deviition (I) 
forthe 10.2 KU Signal Received at Rome, NY. Trapsipitted from Phidha, 
Hawaii, 24 October = 10 November 1962, 


Ordinarily, one thinks of a “trapezoidal” diuinal phase chagge. The tapezoid me tiere “aquare” 


on north-south paths and Jess soon cast-west paths, This is arather imperfectmodel Nut only be thete 


Increases as the path becomes more neatly north south nea the equator There ds abe an unusual 
“double” diurnal effect can occur on very high latitude paths (ace Men, 36, Apps), Tea, however, a 
direct resuit of the individual path scginent contibutions. 


A clarification is aeeded Ga the “daytime” plaise previously bntaduced di tie apathal diacdaston 
The data cleanly indicate phase changes slowly but continugusly dung the day, A “daydine” phoeg value 
cai og obtained by “adjusting” the data to correspond ty a siudon in which a padi is noraaliy Humaine 
everywhere, One can pet very clever and ase (he averape adjostiiehtis a tepteaston Sanable Pedone car 


reet)y, one would capect this to be dain eria 8 Tiprictice, repreasion show the adsuotiintto te bacn ally 
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comet As the adjuatinentis tice nearly reflective of scasonal, tather than diutnal, change, this indicates 
tha (here ds bitte seasonal variation other than Chat indicated by he cenit angle. (Arete ateas could be an 
exception to this bul agasunal qhange becomes somewhat indistinguishable fr in the day night chenges 
miudeled by apatial thewty.) 


We should further nute that the futegoing addicssca rather precise mncasurements of amplitude 
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Circumstances that preclude adequate measurement of signals are those that yield an inadequate 
signal-tu-noise ratio (SNR), The root cause may be Jow signal strength or high noise (or interference). 
These conditions are scrivus in that Omega navigation may be precluded, but at least provide no misin- 
formation. would be extraordinarily incompetent for any person or equipment to process phase values 
under conditions allowing inadequate measurement. Observability (in terms of SNR) is easily evaluated 
atthe receiver (Chapter 12), 


Signal cll interference is potentially dangerous in that the user cannot be guaranteed any means to wh 
Ustermine the condition locally, Self-interference includes modal interference and long-path interfereuce 5 
between signals received over the Jong as well as the short arcs of the great-circle path. While this section o 
Introduces coverage limititions based on physics, expectations, and observations, Chapter 10 describes a 


wide aray of coverage tools that have been developed for guidance regarding signal prediction. 


O31 Nolse and Interference 


Any plattorn —- ship, aireratt, or land vehicle — will generate both noise and interference. 
Noise and interferenee may alyo be generated by nearby sources off the platform itself, For example, arc 
welder in shipyards ae (roublesoie, as are some equipments used at aircraft gates, Additionally, light- 
ning mssochted swith thunderstorms contributes a background noise level worldwide. 


Of these, most signal-to-noise coverage assessments consider only the thunderstorm-generated 
howe, Which actives ay a general background level, Itis manifestly impossible to know in advance the 
proaiity yan ate welder ut the pardcular inperfections ofan installation, Worldwide noise data can be 
obtained from CCI cables of, better, from a thunderstorm center-based approach (Refs. 10, 11, and 12). 
Qne charactensde of thunderstorm generated noise is that itis highly impulsive, Indeed, a processing 
galn of about 2 dh can be obtained by discriminating against the noise spikes (cf. Chapter 12). All 

Wulldwide hobse data represent suatistical averages, Statistically, at some place and time, whatever is 
ppecified will be exceeded, 


‘The distinction between noise and interference is one of coherence. Theoretically, a harmonic of 
Wlocal power frequency might exceed the level of an Omega signal and thus capture phase tracking in a 
revelVan. Tn putctige, power frequencies are rarely very stably — especially on vehicles — and harmon- 


Wyo net tend to stay within tras kay bandwidths long enough ty be toublesuine. 
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Generally, a discussion of how to reduce local noise and interference sources is ot of place in 
this section. However, system personnel sould be aware that the problems are quite re:'. vy hile a prop- 
er response to a user may well be “clean up the installation,” this may not prove easy. Hovs:ver, locally 
generatcd noise and interference can usually be adequately reduced. : 


6.3.2. Amplitude Limitations 


The typical standard deviation of the amplitude, or “field strength,” of an Omega signal ata fixed 
time of day is about 1 dB. There is considerable day-night variation and a “‘fade” of about 4 dB at sun- 
rise, but ordinarily the received field strength is very stable (Ref. 6). . 


Field strength is usually not only stable, but high. Attenuation rates are low — sometimes lower 
than 1 dB/Mm. As will be noted in following sections, one can usually detect an increase in field 
strength near the antipode of station due to focusing on the spherical earth. A significant limitation is 
self-interference due to signal propagation over the long path more than halfway around the world. 


One of the few circumstances that limits Omega usage due to field strength alone is when signals 
propagate over regions of the earth’s surface with extremely low conductivity. Only two areas of the 
world have sufficiently low conductivity and are large enough to be notable limitations. From a signal 
propagation viewpoint, Greenland can be well approximated as a bow] of ice about 3000 m thick, Atten- 
uation rates can reach 30 dB/Mm when the ice pack is illuminated by the sun. This acts as a “switch” to 
turn off Omega signals, Antarctica is similar to Greenland in this sense. A caution regarding theoretical 
studies of signals over these areas is that the effective ground conductivities are not well known — espe- 
cially as the skin depth of Omega signals over Greenland can reach 1 km. Itis also true that the electrical 
permittivity becomes important at very low conductivity and this, too, is not well known. (cf. Chap- 
ter 5). 


Several of the coverage “holes” speculated for Omega are in areas closely adjacent to Greenland 
and Antarctica (Ref. 13). These are instances where a geometrically needed signal is severely attenuated 
passing over ice while the noise comes from an equatorial direction and suffers little attenuation. Note that 
the problem of signal reception at, say, the South Pole is essentially one of receiver design and clean instal- 


lation. Noise and signals all come from outside the region and are affected equally. 


6.33 Near Field 


Within the near-field region close to stations, the modal structure is complex. In a sense, this can 
also be thought of as a modal interference region although it is best to think of the near field as an area in 
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which the skywaves and groundwave interfere. An example of structure in this region has already been 
presented (Fig. 6.2-4). This areais conventionally omitted from coverage. Itis usually approximated by 
a circle of radius 1 Mm centered on the transmitting station. Although the detailed size and shape does 
vary from day to night, station to station, and frequency to frequency, this simple approximation has 
sometimes been applied in coverage evaluations because the coverage area varies with the square of the 
signal range; thus less than one percent of the possible coverage area is affected. 


Signal use within the near field but closer to a station than the skywave-groundwave interference 
itself is possible. Propagation within this region is essentially groundwave and thus quite stable and pre- 
dictable. There are three complications: (1) signal levels are high, thus possibly causing phase shift with 
amplitude in poorly designed receivers; (2) fix geometry often depends sensitively on position, thus 
possibly causing problems in inadequately designed automatic receivers; and (3) at ranges less than a 
wavelength, both the inductive and static field contributions need to be included in phase predictions, It 
may be noted that station monitors routinely operate very satisfactorily at about one wavelength, Opera- 
tional regions of predominantly groundwave reception include Honolulu and Pearl Harbor, Hawaii 
(Omega Hawaii), the Bass Strait (Omega Australia), and Japanese and Korean coastal waters near 
Tsushima (Omega Japan). 


6.3.4 Modal Interference 


Modal interference limitations occur exclusively on night paths. Beyond the near field, the first 
mode is always dominant on short (< 20 Mm), full-day paths. 


Anexample where modal interference extends great distances out from stations has already been 
shown [Fig. 6.2-5]. Sometimes, as in the case of Liberia, the interference is sufficient that Mode | never 
dominates at any range betwee1i certain westbound azimuths from the station, At other stations, Mode 1 
may eventually dominate. 


Interference is much more severe for equatorial stations than from those at high latitude. For 
comparison, Liberia is on the geomagnetic equator, while Norway and North Dakota are at high geo- 
magnetic latitudes. A number of stations are sited near 21° geomagnetic latitude. For these, limitations 
arise almost immediately when propagating westbound toward the geomagnetic equator, In these cases, 
particularly at 13.6 kHz, exclusion of signai use also extends severaj thousand kilometers cé:1ward and 
toward the equator. These eastward limitations are generally due to Mode 3 (second TM mode; sce 
Chapter 5), propagation; not Mode 2 (first TE mode; see Chapter 5) as is the more common limitation. 
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ModaJ interference can also arise ona signal that is nominally undisturbed after the near field, but 
then becomes disturbed at some range. An example cf this is the signal from North Dakota to the South 
Paciric, Due tothe igh geomagnetic latitude of the station, the excitation of Mode | is much favored 
over Mode 2 and clean signals propagate over the Norh Pacific, However, as the azimuth becomes more 
eventually dominate. While some investigators favor explanations incorporating modal conversion at 
or near the geomagnetic equator, this is not necessary to explain the observed interference. A calcula- 
tion using path averaging (WKB) techniques* explains the observations wel! — at least at 10.2 kHz. 
Slowever, there are som instances where mode conversion unquestionably occurs —- particularly dur- 
ing transitions on the higher-frequency VLE signals. 


Modern full-wave propagation theory can vield predictions in excellent agreement with ob- 
servation, The problem is that the model parameters, particularly electron density gradient and height, 
nuust be those (hat actually prevailed on a given day of observation, The “usual” parameters are likely to 
produce results that are somewhat “wrong” compared with any specific set of observations. Calcula- 
tions indicate Hhat the characteristic signal amplitude minima are more severe if the ionospheric height is 
chosen higher, However, the major effect of varying ionospheric height is to “stretch” the predicted 
pattern horizontally, Thus, a heignt change could shift the computed minjma from, for example, ranges 
of 1, 2, and 3 Mm to 1.1, 2.2, and 3.3 Min, respectively. Senerally, calculations with relatively minor 
changes in the ionospheric height can yield good egreenvent with observation, Thus, the important fea- 
ture of computed signal profiles is the prediction of any interference indications and the nominai magni- 
tude, The precise location of the interference region is rarely of concern since, if a minimum is located at 
one point today, it will likely be somewhere else tornorrow as the ionospheric height fluctuates. How- 
ever, it Will exist somewhere in the arca, 


6.3.5 Antipode 

The first of two coverage imitations arising frorn the spherica! nature of the earth is the existence 
of an antipodal region directly opposite each transmitting station (cf. Fig. 5.4-3), The signal from each 
station arrives at its respective antipode from all paths and, indeed, a build up of field strength is 





*Sce Chapter 5 for an explanation of these techniques. 
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experimentally observed in this region as shown in Fig. 6.3-1.* The phase in the vicinity of the antipode 
is, however, complicated. In the same way that the near field region around a station itself is eliminated 
from coverage, an antipodal region is also excluded. The coverage guidance given in Chapter 10 indi- 
cates that a circular region within 1 to 2 Mm of the antipode is excluded. The assessment aid PACE, 
noted in Chapter 11 and described more fully in Appendix C, also uses an exclusion radius in this range 
that corresponds roughly to the exclusion area employed for the near field. . 


6.3.6 Long Path 


The second limitation introduced by the spherical shape of the earth is that for each receiving site 
and each short arc of the great-circle path, there is a corresponding signal path over the longer arc. This is 


a distinct limitation separate from the antipode in that the self-interfering signal is received over only one 
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Figure 6.3-1 Omega La Reunion 13.6 kHz Signal Amplitude (108°, 152° iong path 
radials) on a Flight From La Paz, Mexico to San Diego, CA via the 
La Reunion Antipode on 27 September 1979 





*These data were measured as part of the North Pacific Validation Project. A flight was 

conducted trom La Paz, Mexico (in Baja, California Sur) to San Diego, CA, via the La Reunion | 
antipode. An amplitude buildup when flying both to and from the antipode is marked. Detailed | 
analysis is complicated by bearing differences (on the two legs of the flight) and the fact that 

antipodal measurements necessarily include propagation over transitional paths. 
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path, the “long path.” Owing to differences in attenuation between day and night and between westbound 
and eastbound signals, this limitation can be severe. The limitation will usually occur during the short- 
path day especially on west-bound paths near the equator. At times, the short-path signal from Liberia 
can be dominated by a long-path signal traveling 80 percent of the earth’s circumference as compared 
with only 20 percent for the short path. If the long-path signal dominates, lines-of-position (constant 
phase contours) behave oppositely from the sense expected from vehicle motion. That is, when moving 
away from the transmitting station, one is moving toward the source of the dominant signal. 


Long-path limitations are the most important restrictions on Omega signal usage when the short- 
path is fully in day. Signal coverage guidance indicates long-path limitations at 10.2 kHz which are par- 
ticularly severe for Liberia (cf. Chapter 10).* 


6.3.7. Modal Interference Signatures and Cycle Jumps 

As already stated, modal interference can be particularly insidious simply because there is no 
completely reliable and predictable signature. There are locations where given signals may have cycle 
slips or Jumps but, over a specific few days of observations, nothing unusual may occur. A marked spa- 
tial interference pattern (approximately constant in time) may exist but an aircraft or vessel may be mov- 
ing more oz less at constant distance from the station and not experience anomalies. It is also possible to 
be navigating in a region where Mode 2 is completely dominant. In Omega coverage nomenclature, this 
is also referred to as a “Modal Interference Region” although there is no longer any active modal com- 
petition. The “interference” in this case is with proper navigation. The phase velocity is not that 
associated with Mode 1, so that Propagation Corrections (PPCs) ar not valid, and unpredictable cycle 
slips or jumps may occur at sunrise and sunset transitions. 


Certain indications, or characteristics, of modal interference may be used to validate coverage in 
a region.8 These indications may also prove effective within a given receiver to protect against inade- 
quate coverage guidance or detect anomalous propagation conditions. 


One of the most obvious characteristics of modal interference is a variation of amplitude with 
distance along a station radial. Four examples have been previously shown (Figs. 6.2-2 to 6.2-5). One 


*Reference 14, a detailed study of signals available at one location, shows, on single displays for 
each station, the theoretical long- and short-path field strengths for idealized day and night 
conditions. Perusal of this reference will provide insight on not only long-path interference, but 
iodal inte fercice in genial us well as aulipodal field stength buildup. 

SSee Chapter 9 for a description of the ADI/PDADI algorithms that are used to detect modal 
interference (and other anomalies) in hourly phase, phase-difference, and SNR data. 








other case exists: that where Mode 2 becomes completely dominant. In this case there would be no sign 
of modal interference after Mode 2 becomes dominant. In this case, phase would vary regularly, sug- 
gesting that a navigator in the region al the particular diurnal period could not detect the signal limitation. 
However, an investigator conducting a number of radial flights in adjacent regions would be able to iden- 
tify the area as one of Mode 2 dominance and therefore not suitable for general use of the particular Ome- 
ga signal. This is done by starting the analysis on a favorable radial from the station, that is, one where 
modal interference is known not to occur. As other radials are then examined while the azimuth from the 
station into the region is varied, one notices first an increase in modal interference and then a gradual 
decrease. This is explained as moving from aregion of Mode | dominance, through active competition, 
into a region of Mode 2 dominance. This approach is used in the regional validation program to identify 


areas of modal interference, however, it requires amplitude measurements over a number of radials.* 


Another tool for evaluation of moda! interference is observation of diurnal phase variation. If 
Mode | is completely dominant, a diurnal phase variation will be very regular, as shown in Figs. 6.2-6 
and 6.2-8. If not, one may first notice some irregularities developing in the transitions and, if there is a 
change in dominance, cycle jumps or cycle slips. How this happens may be explained theoretically un- 
der idealized circumstances. Figure 6.3-2 shows an idealized amplitude and phase variation over a long 
east-west mid-latitude path. As can be seen, the arnplitude ramps upward during sunset to a nightiime 
value slightly higher than the daytime value. Phase varies regularly over a complete cycle during the 
transition. The phasor display in the center panel of the figure reflects this behavior. In this case, a 
second mode might be said to vary from near zero amplitude during the day to a negligible amplitude at 
night. The phase of this second mode would typically vary over about two cycles. 


Let us now consider the phasor sum of contributions from two modes where they compete. Before 
summing the modes, however, we must specify the relative phasing. This we cannot do since the relative 
phasing depends on minor ionospheric variations along path which change from day to day. Hence, we 
consider three possible phase relationships leading to behavior illustrated in Figs. 6.3-3 and 6.3-4. 


Figure 6,3-3 illustrates the circumstance where Mode 1 remains dominant for three different val- 
ues of Mode ! —Mode 2 phase difference (day). Noticeable fine structure is seen on the transition ana the 
final night phase is somewhat perturbed by the interfering mode. However, these perturbations can usu- 
ally be accepted operationally. Figure 6.3-4 shows the situation where Mode 2 can dominate at night. 


Depending on relative phasing, the phasor sum may be such that the locus encircles the origin 


*Sometimes, data from other than true radials can also be used, although, this is best done with caution 
and only with supporting full-wave computations to multiple points along the path. 
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Figure 6.3-2 Sunset Diurnal Variation — Mode | Only 


anomalously, corresponding to a cycle jump, passes directly through the origin corresponding to perfect 
anti-phasing of the component modes, or encircles the origin once, as is usual. Since the particular be- 
havior depends on the relative phasing of the two modes and the relative phase value is essentially a ran- 
dom quantity, the occurrence of cycle jumps is random. The most extensive studies of cycle slippage 
have bee. cc.-nducted by Taguchi using, especially, measurements in Kagoshima (southern Japan). Mea- 
surements of Omega Hawaii at Kagoshima show cycle slips and jumps during transitions much as would 
be expected for a dominant Mode 2 at night but dominant Mode 1 during the day. 


Figure 6.3-5 (from Ref. 15), shows the occurrence of cycle slips and jumps on the 10.2 kHz 
Omega Australia signal at Kagoshima. Kagoshima is roughly on the boundary between Mode 1/Mode 2 


dominance at nighi. As can bescen, cycle slips and jumps occur throughout the year at night and much of 


the time during transitions. 
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Figure 6.3-2 Sunset Diurnal Variation — Mode 1 Dominant over Mode 2 
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Figure 6.3-4 Sunset Diurnal Variation — Change of Mode Dominance from Mode 1 to Mode 2 
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The existence of simultancous transmissions at several frequencies is of great value in detecting 
modal interference, both for analysis and receiver signal processing. The added redundancy alone 
would make these transmissions valuable for inomaly detection, However, the gain for detecting modal 
interference is considerably greater because of the interrelationships of signal propagation at the various 
frequencies (cf, Section 6.5). Modal interference results from certain resonance conditions in the earth- 
jonosphere waveguide (see Chapter 5). Thus, a given null at one frequency generally does not occur at 
the location or time of the same null ata different frequency. Itmight happen that, say, the fifth null at one 
frequency is coincident with the fourth of another, But there are stl three more frequencies from each 
station, The probability thatthe same character of interference occurs on all frequencies froma station at 


the same time and plaice js vanishingly small, 


We may apply the multi-frequency procedure to the detection of modal interference from diumal 


Varietion, Detection is more difhicull based on data ata singl: rrequency alone as such behavior (see 


divinal variation ofa phase difference from propagation over two paths is being studied, However, the 


physics of diumalinegularittes as shown im big, 63-3 suggest thatthese will not occur at the same (ime 


on difictent frequencies, Diagnosis is enhanced by knowing that deviations between frequencies are 
likely due to modal inferlercnee While deviations duc to other causes fond to affect all frequencies sim 
laly. Section G6 cxpands on these observations and includes sample data, 


Mostinedcin receivers incorporate soph dicated proprichiy software to detect syoal anon: 
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empirically developed techniques are now being reinvented in conjunction with the development of the 
Global Positioning System, GPS, under the general heading of Recciver Autonomous Integrity Moni- 
toring (RAIM). 


6.3.8 Validation Program 


An experimental program was conducted principally in the 1980s to “validate” Omega cover- 
age, L¢., to confirm or modify then-existing coverage predictions (Ref. 16). The effort targeted seven 
specific oceanic arcas in sequential efforts conducted one to two years apart, cach incorporating dedi- 
cated flights and aircraft measurements, Fixed-site land-based measurements were coordir ted with the 


flight program, Maritime data were often used. The program is discussed further in Chapter 8, 


Validation analysis attempted to determine spatial boundaries for modal interference and other 
boundaries between useful signals and self-interfering signals, such as Jong-path, Field streagth was also 
measured to determine coverage limitations duc to signal-to-noise ratio, A major guide to planning the 
validations and analysis was signal prediction using full-wave models, While measurement oceasionally 
indicated slight Variations ii coverage flan those predicted, the theoretical methods were niGatly verified, 
The various validations are extensively do. umented and form an invaluable database (Refs, 17, 18, 19, 
20, 21, 22, and 23). 
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These events are common, especially near the maximum of the sunspot cycle, However, statist 
Above that level, deviations associated with flares are dominaat (cf, Scetion 6.4.4). Thus they are 


important for analysis of navigational safety (Pnot typical navigational accuracy. 


6.4.1 Sudden Phase Anomalies (SPAs) 


Sudden Phase Anomatics, SPAS, are the obscrved tesulton ap Omega phase tieasurement of at 
SID that occurs on atleasta portion of (he affeeted propagation path, Te sgme extent the tenis are wc 
interchangeably. The excessive X-radiation causes additonal tonoyphene domi zation, (uy lowering dic 
cfleelis height and resulting ina phase advance. Since the x-tays ative suddenly, the onset is abrupt 
We have already seen (Section 6.2.4) that the rnosphere his an efleetive tine constant thus we expect 
x-ray date measured above the ionosphere, one cannot tell to what extent an SPA reflects the fast build 
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Results of this study indicate that a rather abrupt phase variation occurs reaching a maximum 
cffectin about six minutes with a total duration being about 45 minutes. Typical offsets are about 15 cec 
on paths of average length, Typical phase rates of change during onsct are 3.5 cec/minute with maximum 
obscived rites of ¥ cec/ninute, Maximum phase deviations of about one cycle are apparently quite rare, 
‘The typical rate of occurrence of SPAs varied with sunspot number, from a nearly vanishing probability 
at low solar activity tc an occurrence probability of about once per day (somewhere on earth) when the 
munspot number is about 85, 


64,2 Polar Cap Disturbances (PCDs) 


A Polar Cap Dist bance is the result on Omega propagation of a PCA event. As noted, this 
disturbance is due tu protons emitted by some solar Mares that are directed by the carth’s magnetic field 
intothy Arctic and Antarctic regions, The effectis restricted to signals propagating under the ionosphere 


within these regions. Unlike stays, which trivel from sun to earth almost instantaneously, protons take 


with the phase variation corresponding to the differential proton flux near 6 MeV (Ref, 25), After the 
auivalod the fest protons, the maximum phase devietion occurs within e few hours while recovery may 
ake one to five dys of Jonge, 


Primary studies of PCD effects date from 1972 and 1975 (Refs, 26 and 27), Of these, the 1972 
mualy isthe more synoptic with the 1975 work addiessing priinarily piodeling of te events, A problem 
fo that CDs ae relatively nae, The 1972 work was based on only ES events observed from June 1969 
expand ie compiled statistics, However, the general natire of the PCD etiget on Onega signals is now 
understood, 


The typical Onicgat phase deviation dug toa POD looks very much dike that ofan SPA but wath & 
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tide slower Uae for SUAS. ‘Pypicul duration) tea to three days, Typreal maxiiuin plome deviation ts 
nbou! JO ces although the hapestobserved ave been nearly one cycle on nearly trans-povat paths, Phase 
sunbonova the duration of aPC is shown inbiy, 64 3. A bey beature iy thatthe evolution of a PCD ts 
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Figure 6.4-3 Effect of a PCD on the Norway Station Signal Phase as Received in Hawaii 


As with SPAs, the effects of PCDs on practical navigation are best assessed on a case-by-case 
basis. For example, the approximate symmetry in signal arriva) azimuths in the polar regions suggests 
that navigation at the magnetic poles will be nearly unperturbed by a PCD. The problem will be most 
severe where use may be made of atrans-polar signal. This circumstance is especially likely in the North 
Atlantic or North Pacific. In these locations the usual solution is to heed notices and deselect the trans- 
polarsignal, While the resulting geometry is less favorable, there 1s reasonable assurance that the signals 
used will not be significantly perturbed. An alternative is use of the Composite Technique as described 
in Section 6.5, 


64.3 Other Anomalous Disturbances 

SPAs and PCDs are by far the most characteristic and important disturbances encountered in 
Omega tise, Other anomalous effects may also occur — some recognized and others not, Anything that 
affects the radiation incident on the jonosphere or the geomagnetic field can cause a pervasive effect on 
Omeya signals, 


GOpentionally minor but measurable phase deviations are associated with meteor showers 
(Ref, 2%). Elfects have been noticed only during major showers ond only when a path was on the leading 


side of the carth in ity revolution around the sun (0G00 local time). 


Lelipyes have predictable effects, which are ignored in phase predictions, thus requiring: the issue 


ingobalerts. bel pses also afford unique opportunities to study ionospheric response (y relatively slow 








variations in illumination (Ref. 29). Geomagnetic storms are generally pervasive events that can affect 
Omega signals. These are caused by disturbances to the interplanetary magnetic field, resulting ina gen- 
eral disruption of the earth’s magnetic field. They may be accompanied by the precipitation of relativis- 
tic electrons in the auroral zones, thus lowering the ionospheres in these zones. As these evenis lack a 
characteristic signature and the magnitude is typically less than about two standard deviations of the 
nominal scatter, they are not typically recognized and do not particularly degrade nominal navigation. ‘The 
effect is mainly a lowering of the received signal phase which may be accompanied by some instability. 


One notable aspect of some geomagnetic storms accompanying PCDs is that the effective polar 
tegions may be enlarged with the auroral zones moving toward the equator. In severe events, related 


effects (such as aurora) have been observed as far {rom the poles as New Mexico. 


6.4.4 Error Comparison 

The relative importance of navigation as it relates to safety and efficient routing cannot be prop- 
erly assessed as it depends on specific details of a given circumstance: traftic, route structure, and, espe- 
cially, the use of the information at hand. Operational results depend on what is done with information, 
not the inherent quality of the information itself. Forexample, NOTAMs can influence action as well as 
self-consistency checks within receivers (RAIM). While acknowledging that any error comparison will 
necessarily be too general to be of any specific use, Fig. 6.4-4, frorn Ref. 31, shows the expected fix 
errors due to various causes including typical day-to-day scatter, SPAs, and PCDs, but not predictive 
errors, Predictive errors are large enough to obscure most of the SPA, PCD, and nominal errors, One 
airline flew for tens of thousands of hcurs before ever noticing a deviation that could be associated with 
an ionospheric disturbance, 


65 COMPOSITE TECHNIQUES 


As Jong as Mode 1 is dominant, phase changes tend to occur equally on all frequencies. The 
phase changes may be cither due to anomalous events or nominal day-to-day diurnal changes. Since 
SPAS occur when the path is mostly in day, Mode 1 is generally dwminaat. Also, signals that could be 
atfected by PCDs are usually Mode 1-dominated since modal interference rarely occurs in the polar 
regions where PCDs originate. Thus the tendency for similar phase changes on Omega frequency sig- 
nals is particularly notable during SPAs and PCDs. Even spatial variations with ground conductivity 


Conveniently, varianons ae notenly highly correlated, but are nearly the came, centicyele tor 


contieysde, This means that the difference frequencies (¢.g.. 13.6-- 10.2 = 3.4 KE) are little affected by 
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anomalous perturbations, day/night variation, or even poor modeling of ground conductivity. Unfortu- 
nately, a phase error of, say, 1 cec at 3.4 kHz is spatially equivalent to a phase error of 4 cec at 13.6 kHz. 
Further, the equivalence is not quite exact nor is it constant in space. Nevertheless, at certain times and 
under certain conditions, it is better to use the 3.4 kHz difference frequency directly rather than navigate 


on the individual carrier frequencies. 


A technique to exploit the dispersive correlation between different frequencies was developed by 
J.A. Pierce and called Composite Omega (Ref. 32). [tis equivalent to an optimum linear combination of 
phases at two or more frequencies but was developed from the fact that, for waveguides containing mostly 
neutral particles, the product of the signal phase velocity and group velocity is constant, Empirically, two 
optimizations are possible: minitnum sensitivity to diurnal chang. and minimum sensitivity to anomalous 
variations in ground conductivity, The former optimization gives the possibility of building a receiver 


Without glaborate propagation predictions; the latter option offers tie pros, ect of beter accuracy. 








One study indicated that the composite phase was more accurate than the phase of the best carrier 
signal only in the Arctic regions under disturbed conditions (Ref. 33). However, Pierce made extensive 
measurements in Cambridge, Massachusetts, indicating the composite phase is more stable. Undoubt- 


‘edly composite techniques offer advantages under some conditions. 


Closely related to composite is use of multiple frequencies for analysis. This method of analysis 
is addressed in the following section. 


6.6 MULTI-FREQUENCY MULTI-SITE OBSERVATIONS 


Except for modal effects, one expects signal variations at Omega frequencies to follow each 
other. Use of decorrelation has already been mentioned in Section 6.3.8 as a means of detecting modal 
interference. This section provides some observations showing normal behavior and those resulting 
from modal interference. Comparisons are made both between different frequencies over the same path 
and also between observations of signals at the same frequency over reciprocal paths. Reciprocal paths 
are those over which one transmitted signal can be observed near a second station while, also, the signal 
of the second station can be observed near the first. 


Three pairs of observed monthly data sets are to be presented — six data sets in all. Each set 
(figure) contains the same type of information. At the top of each figure is a graph showing diurnal phase 
variation of 10.2, 114%, and 13.6 kHz. Curves are shown both for the predicted and for the observed 
monthly average. Ideally, the difference between the observed and predicted phase should be zero. Any 
nonzero amount indicates there would be associated navigational error, Most likely these differences 
would be due to prediction bias but, on a more limited set of observations, could be due to abnormal 
propagation conditions. Also of special interest are the differences between observations ut the same 
time but at different frequencies. Under normal conditions, one expects these differences to be nearly 
constant with, perhaps, some slow diurnal variation. Any fast hour-to-hour change suggests possible 
interference. This is also true if the observed hour-to-hour behavior is particularly erratic; however the 
diagnosis tends to be confirmed if the various frequencies do not fluctuate together. One final feature of 
the plots is that when data are shown over two ends of a reciprocai path, they are displayed in the same 


sense, namely with phase delay positive. Conventionally, phase differences are shown in “alphabetical 


The first pair considered ts Norway and Hawai. The plot from Norway shows variation of the 


Hawai signals while that from Hawail shows variations of the Norwegian signals (Figures 6.6-1 and 
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Figure 6.6-1 Phase of 10.2, 11'4, and 13.6 kHz Hawaii Station Signals 
Received at the Norway Station Monitor — July 1989 


6.6-2). The several frequencies received at one site can be compared or, alternatively, those at the same 
frequency can be compared at opposite ends of the path. In either case, variations of the several frequen- 
cies are similar. There are no abrupt shifts from hour to hour beyond a maximum variation of a few centi- 
cycles. This is as would be expected from a path which is Mode 1 dominant at all frequencies and in both 
directions. Predictions on this nigh latitude trans-arctic path in local summer are generally good but with 
some bias near 1600 UT when the sun rises on the north-south portion of the path near Hawaii. 


Figure 6.6-3 shows North Dakota signals received in Liberia. Variation is generally smooth with 
rather high prediction biases at night. This is atypical example of a plot in which all signals can be used 
for navigation. Figure 6.6-4, which presents the reciprocal conditions of the Liberian signal received in 
North Dakota is quite different. Noon at mid-path is around 1500 UT so that signal variation during the 
day 1s again smooth. However, the situation deteriorates as the Liberian end of the path becomes dark. 
The Liberian signals are unusable throughout most of North America at night due to modal interference. 
This phenomenon 1s suggested by the data in that many difference frequency averages were not com- 
suted , aurings fromcitions due to in 


~ qeGa ‘ . : . 
puted. dus ramiitions due to inconsistency. Furthermore, the computed difference frequency average 


for 10,2 - 13.6 KHz abruptly shifts between 0600 and 0700 UT. Taken together, this pair of figures illus- 
trates the non-reciprocily Gf maudal interference, 
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Figure 66-3 Phase of 10.2, 11'4, and 12.6 kHz North Dakota Station Signals 
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Figure 6.6-4 Phase of 10.2, 11'4, and 13.6 kHz Liberia Station Signals 
Received at the North Dakota Station Monitor — January 1989 


The third data pair is Japan and Liberia (Figures 6.6-5 and 6.6-6). When observed in Japan, the 
Liberian signais all vary smoothly and similarly throughout the 24-hour day with the exception of a few 
Missing data points. The predictions biases are again quite large except at 10.2 kHz. These are the 
characteristics of Mode 1-dominant signals albeit signals rather poorly predicted. The behavior of Japan 
signals received in Liberia (Fig. 6.6-6) is quite different, Something is clearly anomalous—but what? 
Superficially, many of the jagged variations lock similcr on the various frequencies. However, close scru- 
tiny indicates this is not always so. For example, the downward shift at 0300 UT occurs at the higher fre- 
quencies but not at 10.2 kHz. More clearly, correlation breaks down from 1700 UT on. The frequencies do 
not vary together nor are they smooth, We suspect interference—but what kind? Depending on time of day, 
we expect cither modal interference or long-path interference on this path. Noon at mid-path is between 
0800 and 0900 UT. The data at this time exhibit cornparative stability but the diurnal behavior indicates a 
curvature in the wrong sense. In all likelihood, the long-path signals completely dominate those over the 
short path at this time and are reasonably stable. At other times, Mode 2 or long-path may be either actively 


competing with the short-path Mode 1 signal or may be dominant but differ frorn the Mode | prediction by 
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*The processing algorithm Janes the data by choosing the appropriate whole cycle value which, together 
with the observed fractional part, must be within 50 cec of the predicted value. 
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The several figures in this section are illustrative of data from modern monitor operation, While 
the hour sampling may seem relatively coarse and indeed does tend to obscure some diurnal behavior, it 
is not a fundamental limitation. Details of diurnal variation depend on the details of solar illumination 
which varies thro:ghout the year. Whatever conditions need to be investigated will, sooner or later, 
occur on the sampled hour. 


6.7 THEORY vs. EXPERIMENT 


The title of this section was chosen to alert the reader that there may be differences between 
theory aiai<servation. As always, provided the observations are well made, the problem is theory, not 
reality. As Einstein said, “No number of experiments can prove a theory true. But it only takes one to 
prove it false.” That said, theory and experiment complement each other well in this area. A few prob- 
lems, however, deserve explicit mention. 


Ground conductivity is not well known — especially in Greenland and Antarctica where ii is very 
important. Also important in these regions is the electrical permittivity, which is not well known either. 
Indeed, it is appropriate to modify conductivity maps to match observation especially in these regions 


Full-wave computations assume a smooth ionosphere whereas the ionosphere is known to ‘ve 
rough. Roughness will affect higher modes more than Mode 1. However smooth models have bee:.t: ..d 
to predict observed amplitude measurements. Thus the ionospheric heights used to calibrate the mcdels 
are those for asmooth model, not a more realistic rough one, with the result that ionospheric heights may 
be somewhat low. 


Jonospheric profiles during transitions are unknown and may not simply be intermediate 
between day and night. Also, when a terminator affects a path, severe asymmetries in the direction of 
propagation may be introduced. This brings the great-circle path approximation into question. If the 
change of impedance at the earth’s surface/ionosphere is sufficiently abrupt, modal conversion is con- 
ceivable. Modal conversion at the terminator unquestionably occurs at the higher frequencies in the 
VLF range especially near the equator, but the extent of its effect at 10.2 kHz is not clear. Modeling of the 


transition ionosphere is an area of great challenge and promise for improving operational accuracy. 


68 TRENDS 


This section addresses gencrai tendencies of Omega signals. However, the reader is cautioned 


that the best approach in any specific situaticn is to check coverage predictions. Available predictions 
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are discussed in Chapter 10. Also, full-wave codes may be executed fort. specific paths in question 
using a variety of ionospheric profiles, As a result of the Omega Validation Pro tram, there is an exten- 


sive database of observations which may bear directly on specific questions. 


Theoretical expectations for Omega are discussed in Section 5.5.3. Generalities on Omega 
propagation are dangerous as very often one can find exceptions when observing some station on some 
frequency at some time and place. With that caveat, some of the more likely features are given in the 
following paragraphs. 


Attenuation rates (cf. Chapter 5) are higher during the day than at night and higher to the west 
than to the east. The differences can be quite marked. Equatorial attenuation to the east at night may be 
less than | db/Mm while that for propagation to the west is over 6 db/Mm. Attenuation rates are also 
higher with lower ground conductivity. A major case is propagation over extremely low ground conduc- 
tivity such as Greenland and Antarctica where attenuation may be near 30 db/Mm during the day but 
about half that at night. At many receiving sites, these circumstances combine to form an effective 
“switch” to turn off a signal when it passes over the fresh-water ice during the Arctic (Antarctic) summer. 


Phase velocity is not particularly sensitive to ground conductivity under most conditions. The 
phase shift for a signal passing over the continental United States is equivalent to a distance difference of 
only about 0.5 nm from that for the same signal passing over an equivalent region of sea water. However, 
the dependence becomes very important at low ground conductivity. Phase velocity varies little with 
direction during the day — only a few parts in 104. At night, the variation is marked, especially to the 
west, However, the variation is moot in cases where a higher mode dominates. 


Significant modal interference is restricted to propagation at night and to signals propagating to 
the west near the equator. A region of Mode 2 interference typically exists on west-bound equatorial or 
trans-equatorial signals. The area may be vast, as for the signals transmitted by the Liberia station which 
lies close to the geomagnetic equator, or relatively locaJized as with North Dakota signals propagated 
across the equator to Australia. An additional limitation sometimes occurs on propagation to the east, 
particularly at 13.6 kHz, due to Mode 1/Mode 3 interference. A particuiarly severe example is 
La Reunion signals propagating to the central and eastern Indian Ocear. 


Long-path signal dominance or interference (with the short path) :nay occur when the west-bound 
short path is sunlit. It arises because the westbound attenuation rates during the day are high while the rates 
for the eastbound signal at night are low. The most severe limitation is on the Liberian signal which is 


dominated by th. long path over South America during short-path day — a 4:1 or 5: short-path/long-path 
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length ratio. At 10.2 kHz the long-path La Reunion signal in the continental United States is virtually domi- 
nant for the entire 24-hour day. The location of long-path boundaries is particularly uncertain. 


SPAs and PCDs are both associated with rapid phase advances followed by slow recoveries. 
However, the time scales differ by about two orders of magnitude with SPAs typically persisting for 
45 minutes compared to a duration of two to three days for PCDs. SPAs are restricted to signals propa- 
gating over the illuminated half of the earth; PCDs occur on signals propagating through the polar 
regions. The probability of either event nearly vanishes during the minimum of the solar sunspot cycle. 
During more active periods, about one SPA per day is observed somewhere in the world and perhaps one 
PCD per month. 


6.9 PROBLEMS 


6.9.1 Sample Problems 


1. An individual reports using the 13.1 kHz unique frequency from North Dakota for frequency 
determination at a facility on Terminal Island (Los Angeles port area) for some years. However, the 
signal routinely drops out between 0730 and 0800 (local time) every morning and is also lost intermit- 
tently throughout the day. What is wrong? 


Answer: 


Since the problem has existed for along time, station outages are not the problem. Also, the path 
is benign. The location should be well beyond the skywave-groundwave interference region and 
the daytime conditions argue against modal interference. While the propagation conditions 
could be further checked by fullwave calculations, the fixed time of occurrence strongly sug- 
gests local interference. Propagation problems tend to vary with time of day and season and cer- 
tainly do not follow the advent of Daylight Saings Time! Local interference is especially likely 
near heavy equipment, as in this industrial a-ca. It also likely to follow the local work schedule, 
€.g., Start first thing in the morning and recyck roughout the day on demand (compressors, air 
conditioners). Tell the user to “clean up” the receiving site. (Note that, if there is a specific re- 
mote source of interference not on the North Dakota azimuth, it may be possible to orient a loop 
to null out the interference.) 


2. Fishermen operating in the Labrador Sea several hundred miles west of Cape Farewell, 


Greenland, report that they experienced atwo- to three-mile error when using Norway. This was aperva- 
sive problem throughout the month of June when they were fishing. What was the problem? 
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Answer: 


While it is true that people have been routinely flying over this area on trans-Atlantic routes for 
years and nothing has been reported, the magnitude of the error is not such that it would necessar- 
ily be noted in an aircraft. The fishermen, working in the area for a month, probably would no- 
tice. The path from Norway to this area is a real prediction challenge. It passes somewhat 
tangentially beneath the auroral zone which could be a cause of prediction error — but if so 
would likely have been observed over much of the U.S. and Canadian east coasts, A key is that 
the observations were made in June when Greenland is illuminated. Attenuation is very high. 
But the fishermen did not report a reception problem — they reported a position problem. The 
fact that the positional error was constant rules out long path interference, which is also ruled out 
by general experience in North America. 

The phase velocity over the Greenland ice mass is also highly anomalous. This brings up the 
possibility of either of two fundamental problems. An abrupt change in surface impedance 
along a path can lead to modal conversion. This, in turn, could lead to interference and spatial 
perturbation in their fishing area. However, like most interference problems, it would not be 
likely to be steady over a large area. 

The other possibility of a fundamental problem is an “‘off-path” effect that violates the usual 
great-circle path approximation. Very possibly the signal is propagating east of the ice pack and 
then rounding Cape Farewell to reach the fishing area. This type of condition has been observed 
over waters off Antarctica and reported by Barr (Ref. 34). (Note: This example is hypothetical; 
no such errors have been reported — but they yet could be.) 


3. The tuna fleet reports problems off Ecuador and Peru using Liberian signals both during the 
day and at night. What is the problem? 


Answer: 


This problem is real and occurred before coverage limitations were widely understood. In that 
area, the Liberian signal is modally disturbed at nighi and received by long path during the day. It 
is useless and must be deselected. 


6.9.2 Problems to be Solved by Reader 


1. A user of a manual receiver in the U.S. Gulf Coast off Houston, Texas reports that the North 
Dakota — La Reunion line-of-position varies backward. That is, lanes decrease as the user moves away 
from North Dakota. What’s wrong? 


2. A.user in southern Japan reports cycle jumps on Australia during the sunrise transition. The 
location is east of the predicted nighttime interference boundary, that is, in an area predicted to be Mode 1 
at all times. What’s wrong? 
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3. Incentral South America, an Omega user reports a problem flying in the daytime using Liberia. 


The route lies to the east of the predicted long-path interference boundary. What’s wrong? 


4. A user reports generally weak signals when flying in the U.S. midwest in the afternoon in 


August. What’s wrong? 


6.10 ABBREVIATIONS/ACRONYMS 


ADI 
cec 


C-layer 


CCIR 
dB 
D-region 


GPS 
Hz 
kHz 
km 

m 

MeV 
Mm 
NOTAM 
PCA 
PCD 
PDADI 
PPC 
RAIM 
RM: 
Si: 
SNR 


Anomalous Data Identification 
Centicycle 


Region of the ionosphere at aititudes between about 50 and 70 km above 
the earth’s surface 


International Radio Consultative Committee 
Decibel 


Region of the ionosphere at altitudes between 70 and 90 km above the 
earth’s surface 


Global Positioning System 
Hertz 

Kilohertz 

Kalometer 

Meter 

Million electron volts 


Megameter or 1000 kilometers 


- Notice to Airmen 


Polar Cap Absorption event 

Polar Cap Disturbance event 

Phase-difference Anomalous Data Identification 
Propagation Correction 

Receiver Au‘onomous Integrity Monitoring 
Rooi-mean-squared 

Sudden Jonospheric Disturbance 


Signal-to-Noise Ratio 
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6.11 


10. 


11. 


12. 


SPA Sudden Phase Anomaly 


UT Shortened form of UTC 

UTC Coordinated Universal Time 

VLF Very low frequency 

WKB Wenzel-Kramers-Brillouin technique for combining eigenstates on an 
inhomogeneous path 

WWV Cal] sign for time-disseminating radio station in Ft. Collins, CO 
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CHAPTER 7 
SYSTEM SYNCHRONIZATION PROCEDURES 


Chapter Overview — This chapter provides an overview of the basic principles of 
Omega system synchronization and the procedures used to synchronize the stations in the 
network. Following the chapter introduction in Section 7.1, the principles of system syn- 
chronization are reviewed in Section 7.2. These principles include both internal and ex- 
ternal synchronization components, data sources, and the computational algorithm. 
Section 7.3 describes the operational procedures used to implement the weekly Omega 
synchronization process. Section 7.3 also traces the improvement in system synchro- 
nization performance as external measurements were incorporated into the synchroniza- 
tion procedure over a period of several years. Problems, including worked-out examples 
and those to be solved by the reader, are in Section 7.4, Abbreviations and acronyms used 
in the chapter are given in Section 7.5, followed by the cited references listed in 
Section 7.6. 


7.4 INTRODUCTION 


7.1.1 Overview of Omega System Synchronization 

Omega is a very low frequency radionavigation system composed of eight transmitting stations 
located in the United States and six other nations, Ateach station, continuous-wave (CW) signals are trans- 
mitted on five common frequencies and one station-unique frequency. The signal frequencies are time- 


shared among the stations so that a given frequency is transmitted by only one station at any given time, 


The Omega signal transmission format is illustrated in Fig. 7.1-1. Across each of the eight rows in 
the figure is a ten-second sample of the signal frequencies transmitted by a particular station. Important 
features of this time/frequency multiplex format are: 


e Four common signal frequencies are transmitted: 10.2, 11!4, 13.6, and 11.05 kHz 
e One unique signal frequency is transmitted by each station 
¢ An interval of 0.2 second separates each of the eight transmissions 


¢ The transmission periods vary in length. 


These features permit users to uniquely associate a given station and signal frequency as well as resolve 


lanes with reduced ambiguity (compared to a single frequency) and provide multi-spectral information 
on a given path. 
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A 10.2 13.6 11.33 12.1 12.1 11.05 12.1 12.1 
B 12.0 10.2 13.6 11,33 12.0 12.0 11.05 12.0 
Cc 11.8 11.8 10.2 13.6 11.33 11,8 11.8 11.05 
D 11.08 13.1 13.1 10.2 13.6 11.33 13.1 13.1 
E 12.3 11.05 12.3 12.3 10.2 13.6 11.33 12.3 
F 12.9 12.9 11.05 12.9 12.9 10.2 13.6 11.33 
G 11.33 13.0 13.0 11.05 13.0 13.0 10.2 13.6 
H 13.6 11.33 12.8 12.8 11.05 12.8 12.8 10.2 





Signal Frequericy in KHz 


Figure 7.1-1 | Omega Signal Transmission Format 


A more basic property of the system not evident in Fig. 7.1-1 is that the signals transmitted by all 
Stations ate phase-synchronized. For example, the zero phase point on a given cycle of the 10.2 KHz signal 
transmitted from Norway occurs (in principle) exactly 1.100000 seconds before the zero phase point on a cycle 
of the 10.2 kHz signal transmitted from Liberia. For a sinusoidally varying Omega signal, the zero phase point 
(cluely related to the station epoch) is the point at wnich the vertical electric field vanishes, in increasing from 
negative to positive values. In practice, slight deviations exist in phase synchronism from station to station at the 
submicrosecond ‘evel and even occasionally at the microsecond ievel. 


It is important to differentiate between the two commonly used meanings of the word “synchro- 
nize.” In connection with receiver signal acquisition, synchronize (sometimes called pattern synchroniza- 
tion) means to align the receiver with the Omega signal format at the scale of seconds. In other words, 
mus-synchronization means an alignment error or more than about one second. System synchronization, 
however, refers to alignment of signals at the ricrosecond scale. Phase syuchronization usually implies a 
cycle-by-cycle match-up of two signals at the same frequency. Most receivers are not independently 
phase-synchronized to the transmitted signals, although they become phase-synchronized, with the use 
of control circuitry such as a phase locked loop (see Chapter 12). 





At any given common frequency, Omega signals from each station are synchronized to each other 
10 within an accuracy of about one centicycle, which is very nearly one microsecond (at 10.2 kKHz).* More- 
over, the stations are also synchronized to within one microsecond of the UTC epoch (a specific time 
marker). Time-synchronization at each station is measured with respect to the station epoch, the point in 
time (repeated every 30 seconds) at which all station signal frequencies are aligned at the common zero 
phase point. Thus, the Omega epochs at all stations have an average value (the Omega system time) tnat is 
well within one microsecond of the UTC epoch and a scatter of about 1 microsecond. 


Onascale of seconds, however, Omega and UTC time formats are significantly shifted due to the 
injection of “leap” seconds. At0000 UT on 1 January 1972, the Omega and UTC formats were identical 
(on the scale of seconds). Since that time, however, leap seconds have been introduced into the UTC 





format on anearly annual basis, but not into the Omega format due to substantial coordination and proce- 
dural difficulties. Thus, as of 31 December 1993, Omega time leads UTC by 18 seconds. 


In principle, the overall Omega synchronization methodology is based on the optimization of 
two independent processes: 


e Internal synchronization 


e External synchronization. 


Each of these processes is supported by acharacteristic type of measurement(s) and historically different 
objectives. 


Internal synchronization is designed to keep the station epochs aligned as closely as possible. 
This process relies on “reciprocal path” phase measurements between pairs of stations. For purposes of 
basic radionavigation, it is important only that the signals at a given frequency are radiated simulta- 
neously from each station’s antenna. For hyperbolic navigation, the actual “time”’ of this transmission 
epoch is unimportant since its value cancels out in the navigation processing. For mobile receivers oper- 
ating in the rho-rho-rho mode of navigation, a sufficient amount of phase information is collected to 
determine position/position change so that the difference between the transmission epoch and the 
receiver’s internal time/phase is not needed but can be computed/estimated if desired. The mean of all 
station epochs relative to UTC defines Omega system time. For internal synchronization, the perfor- 
marice measure is the combined RMS error of each station epoch relative to Omega system time. 


*Phase and time units are often used interchangeably, since there is a one-to-one relationship between 
the two quantities through the time measure of a wave period at a given frequency. 
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External synchronization refers to the simpler process of aligning Omega system time with the 
external UTC time base. This process is supported by measurements of station epoch relative to UTC as 
derived from received GPS or Loran-C signals. Alignment of Omega system time and UTC is useful as an 
alternative means of globally disseminating UTC epoch and for receivers relying on the interoperability of 
multiple navigation system sensors (see Chapter 12). In principle, strict adherence by each station to an 
external reference source obviates the need for internal synchronization. Because of possible failures in 
extemal timing information, however, a more robust approach is used which retains both processes. 


The system synchronization procedure involves a weekly cycle of collecting daily internal and 
external measurements, computing and disseminating station phase and frequency offsets, and insertion 
of the clock corrections by each station, Internal synchronization data consists cf daily reciprocal path 
measurements at two frequencies on four paths/station. External synchronization data comprise daily 
Omega station epoch measurements relative to Loran-C signals (for some Omega stations) and GPS sig- 
nals (for all stations). These data are processed by the synchronization computer program (SYNC3) 
which is executed by both Japan’s Maritime Safety Agency (JMSA) and the U.S. Coast Guard’s Omega 
Navigation System Center (ONSCEN). The program’s weekly outputs, i.e., optimal estimates of the 
phase and frequency offsets for each station’s on-line and back-up clocks, are reversed (in sign) and 
issued as both one-time and cumulative corrections, Each station then inserts these corrections at specif- 
ic times over the following week according to an established procedure. 


7.1.2 Historical Overview of Omega Synchronization 


Prior to 1966, experimental Omega transmitting stations (see Chapter 2) operated in the master/ 
secondary mode in which one or more secondary stations synchronized their transmissions to the desig- 
nated master transmitting station signal. Signal receivers within 10 to 30 km of the secondary station 
monitored the master station transmissions and fed the information to the secondary station which trans- 
mitted in a subsequent segment. This method of synchronization is similar to other wide-area radiona- 
vigation systems, such as Loran and Decca. With the advent of precise cesium frequency standards, 
independent synchronization of each station, known as the absolute mode, became feasible. The abso- 
lute mode of operation enhanced the accuracy of the systeni because fewer propagation paths, each of 
which introduced error, were involved in any combination of secondary station signals, It also improved 
reliability, since the failure of any one station did not affect the capability of other stations to transmit 
synchronized signals. During 1966-1967, a four-station network (Norway, Trinidad, Hawaii, and 
Forestport) commenced operations in the absolute mode, an event that marked the beginning of the mod- 
ern Omega system (Chapter 2), 





During the first few years of operation in the absolute mode, the stations were synchronized 
using a procedure developed by J.A, Pierce (Ref. 1). In this scheme, each station recorded the signal 
phase of the other stations and subtracted the best estirnate of the inter-station propagation times/phases 
to determine the station’s own phase correction. This method, however, contained an inherent instability 
that allowed a station’s timing error to grow. For this and other reasons (Ref. 2) a centralized procedure 
evolved in which all reciprocal paths in the network were analyzed to determine each station’s phase 
corrections. Initially, the analysis was conducted at the Naval Electronics Laboratory Center (now the 
Naval Command, Control, and Ocean Surveillance Center). 


In the early 1970s, synchronization control moved to the newly forrned Ornega Navigation Sys- 
tem Operations Detail (ONSOD). More advanced processing of the reciprocal path data led to least 
squares estimates of the phase offsets, computation of frequency offsets, as well us tracking the time 
history of the on-line and off-line cesium standards. In January 1975, a more sophisticated synchroniza- 
tion algorithm was developed and implemented as acomputer program entitled SYNC2. This algorithm 
was based on a Kalman estimation technique applied to reciprocal path data using clock error models. 
By inherently accounting for the dynamics of the timing sources, SYNC2 was more adaptive and accu- 
rate than previous approaches. From 1970 to about 1976, system synchronization was conducted as an 
internal process, with SYNC2 maintaining an RMS synchronization accuracy of 3 to 5 microseconds. 
The system drifted with respect to UTC, however, at one time reaching a maximum of 29 microseconds 
(Ref. 2). 


Severai methods of external synchronization were explored and tested prior to 1976. These meth- 
ods included Omega signal monitoring by the U.S. Naval Observatory (USNO), time transfer using televi- 
sion stations, portable clock measurements at the Omega stations, and station monitoring of locally 
available Loran-C signals. USNO monitoring continued but was limited by the uncertainty in the propaga- 
lion corrections (PPCs) predicted for the monitored paths. Loran-C signal monitoring provided a more 
accurate technique and was available at four of the Omega stations: Norway, Hawaii, North Dakota, and 
Japan, Through an established network of monitoring and control, USNO maintained reasonably accurate 
weekly records of the epoch of each Loran-C chain with respect to UTC. Thus, by subtracting the propaga- 
tion time delay from the local Loran-C transmitting stations, UTC was transferred to the four Omega 


stations. 


SYNC2 was upgreded (to Version 2) in 1976 to incorporate Loran-C and other external measure- 
ments into the synchronization algorithm. In October of 1977, Japan’s Maritime Safety Agency (JMSA) 
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assumed primary responsibility for Omega system synchronization computation and control. For pur- 
poses of redundancy and cross-checking, ONSCEN continued to perform a parallel computation of syn- 
chronization corrections. SYNC2 was again upgraded (Version 3) in 1979 to address noted problems 
(such as error covariance buildup) and incorporate other modifications. 


In 1985, the availability of GPS satellites for sufficiently long daily periods provided a very con- 
venient global source of UTC information. As a final revision, SYNC2 was modified (Version 4) to 
incorporate GPS timing receiver measurements at all stations. By the close of 1988, operational GPS 
measurements at all stations were fully incorporated into the system synchronization procedure and 
long-standing timing biases in the stations not accessible to Loran-C were removed. 


The SYNC2 software was originally written in FORTRAN IV and hosted on a Honeywell 6000 
series mainframe. Later revisions were made using FORTRAN 77 code and compiler. In about 1985, 
the program was hosted on a Data General minicompt-er and compiled and executed under AOS. In 
1993, the program was restructured, rewritten in C, and renamed SYNC3. SYNC3 maintains much of 
the original functionality of SYNC2, but exploits advances in computer technology, software cngincer- 
ing, and developments in the analysis of Omega data (Ref. 6). 


7.2 SYNCHRONIZATION PRINCIPLES 


The Omega system synchronization algorithm is structured to control two synchronization pro- 
cesses inherent in system operations: internal synchronization and external synchronization. The inter- 
nal synchronization process attempts to maintain simultaneous signal transmission by the stations to 
permit navigation/pos,tion location for Omega-only receiving systems. Inevitably, there is a departure 
from simultaneous signal transmission in which epochs from some stations are earlier or later than oth- 
ers. In such cases, it is convenient to define a “‘pseudo-epoch” that is the mean value of all the station 
epochs at any given instant. The evoiution of these pseudo-epochs defines a time scale called Omega 
system time (sometimes referred to as mean Omega system time). The process of external synchroniza- 
tion seeks the coincidence of Omega system time with the Coordinated Universal Time (UTC) epoch to 
permit the dissemination of UTC and the inclusion of Omega into interoperable receiving systems with 
multipie navigation sensors having acommon UTC time base. 


7.2.1. Internal Synchronization 


Figure 7.2-1 illustrates the concept of Omega system time relative to UTC. In Fig. 7.2-1a, the 


relatively shifted waveforms transmitted by each station indicate the variation from a common signal 
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transmission “time.” Transmission time is quantified by the identification of an epoch, the occurrence of 
an actual, repeatable event, defined with respect to a universal time base such as UTC. Omega station 
epoch may be defined (see Chapter 3 for a more precise definition) as the occurrence of the waveform 
zero crossing as the signal increases from negative to positive values. Signal waveforms and the 
associated epochs for each station are illustrated in Fig. 7.2-larelative to an arbitrary time origin. Actual 
epoch shifts are typically only a few hundredths of acycle so that no cycle ambiguity occurs, Fig. 7.2-1b 
depicts a possible distribution of station epochs, the corresponding Omega system time, and the 
associated UTC epoch. 


The internal synchronization process relies on phase measurements made on reciprocal paths. 
Reciprocal paths are sub-ionospheric propagation paths (over the surface of the earth) in which the loca- 
tions of the transmitting station and receiver are (approximately) exchanged. Reciprocal paths for which 
these measurements are available couple station monitors and remote stations, These measurements are 
slightly complicated by the fact that they are referenced to the local transmitting station (and thus are 
actually phase-difference measurements). Reciprocal path measurements are used because their differ- 
ence approximates the difference in synchronization error between the stations at both ends of the recip- 
rocal paths. To see this, consider reciprocal paths for stations A and B. The phase measurement at the 
monitor local to station A is 


p(B, Am) se P(A, Am) (7.2-1) 


where $(X, Y) is the phase of station X at monitor Y, and the subscript m identifies the monitor local to the 
designated station. Similarly, the phase measurement at the monitor local to station B is 


P(A, Bm) — (BB) (7.2-2) 


The actual phase @ may be decomposed as a sum of three terms: 


e The predicted phase, Ppred 
¢ — The error in the predicted phase, Oppred 


e The synchronization error, df syic 
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ic should be noted that the predicted phase (and its error) depend on the path, whereas the synchroniza- 
tion error depends only on the station from which the signal was transmitted. With this decomposition, 
Eq. 7.2-1 may be written 


P pred(B, Am) + OP preg(B, Am) + Osync(B) - PpreqAs Am) ~ SPprea(As Am) — OPsync(A) 
(7.2-3) 


Similarly, Eq. 7.2-2 may be written 
Pore As Bm) - OP predlA, Bm) + OP sync(A) a P prea(B, Bm) s 6 preq(B, Bm) pa OPsync(B) 
(7.2-4) 


The reciprocal path value, R(A,B), is the difference in the station monitor measurements expressed by 
Eqs. 7.2-3 and 7.2-4, i.e., 


R(A,B) = C + 6 pred(B, Am) = 9 pred(As Bm) + 2(bPsync(B) ~ 5 synch(A)) (7.2-5) 


where 


C= P pred(B, Am) = P pred(As Bm) = P preal As Am) oy P pred(B, Bm) 


The predicted quantities that make up C involve the nominal values and PPCs (defined in Chapter 9) 
which are well-known so that C can be tabulated and subtracted from K(A,B). 


The basic assumption in processing the reciprocal path measurements is that the differences in 
prediction error on reciprocal paths, which for the above example is 


OP pred Bi Am) ve 68 pred(A: Bin) 


can be neglected. This is generally a good assumption, since the predictions for each of the two recipro- 
cal paths differ relatively little (0 to 5 cecs) and therefore the errors differ even less (Oto 2.cecs). With this 
assumption, the difference in synchronization errors between stations B and A is 


Ob sync(B) ~ OP yyncn(A) = 5R'(A,B) (7.2-6) 








where R'(A,B) = R(A,B) - C. 


Since the internal synchronization process relates to excursions of each station epoch from 
Omega system time, the quantity obtained from the reciprocal path measurements (Eq. 7.2-6) may be 
written 


d¢nq - Obag = 5R(A.B) (7.2-7) 


where O¢yq is defined to be the phase variation of station X’s epoch from Omega system time. The sign 
is defined so that if dgyq is positive, the epoch of station X is late with respect to Omega system time. 


Effective reciprocal path phase measurement relations expressed in Eq. 7.2-7 are given for a 
single time. To incorporate the dynamics of the process into the synchronization algorithm, daily phase 
measurements over a week are processed to determine the (assumed linear) rate of change of phase 
excursion from Omega system time as well as the (assumed linear) rate of divergence or convergence of 
Omega system time from UTC. Since the time rate of change of phase is frequency, this independent set 
of measurements is called reciprocal path frequency measurements. Here, the word “frequency” refers 
to the time derivative of phase (a small fraction of a Hertz in magnitude) and not to the radiated signal 
frequency. A relation similar to Eq. 7.2-7 for stations A and B is given for the reciprocal path frequency 
measurements: 


Sfsa ~ Sag = GRA) (7.2-8) 


where the dot indicates time derivative and R’(A,B) = R(A,B)toa good approximation since C isa 
function of the phase predictions that vary little from day to day (at the same hour) over a week. 


7.2.2 External Synchronization 


Measurements used for the eternal synchronization process are much more direct than the 
reciprocal path measurements required for internal synchronization. The external synchronization data 
consist of measurements of the difference between the Omega epoch and UTC epoch* at each station. In 
the case of Loran-C, the actual readings are adjusted to account for the propagation time of the signal, the 
coding delay, «nd the difference between the reference station chain timing and UTC as determined by 


*When the two epochs are in perfect agreement at the microsecond scale, the Omega epoch leads the 
UTC epoch by exactly 18.000000 seconds (as of 61 January 1994). 


USNO. For GPS timing receiver measurements, little or no adjustment or processing is required. Thus, 
for example, at station X the external measurement is 


E(X) = 6¢xy 


Here, the variation is written in terms of phase, although it can also be written in terms of tine through the 
relation t = 1/f++ 1 cycle = 100 centicycles (cec). The variation of each station epoch from UTC can be 
decomposed into the excursion from Omega system time, dgygq, and the difference between Omega sys- 
tem time and UTC, d¢au, i.e., 


E(X) = d¢yq + Shay (7.2-9) 


The dynamics of the external synchronization process are incorporated into the syuchronization algo- 
rithm in much the same way as for internal synchronization. Daily measurements of E(X) over the seven 
days of the computation week are fit to a straight line whose slope is the frequency offset of station X’s 
Cesium standard. Using the same decomposition as for Eq. 7.2-9 above yields 


E(X) = ofa + Ofau (7.2-10) 


To isolate the quantities d6fay and fay, the mean values of Eqs. 7.2-9 and 7.2-10 are taken over all 
stations, resulting in the relations 


H 
dou = 1/8 > EX) (7.2-11) 
X=A 
and 
H . 
Sfou = 1/8 >. E(X) (7.2-12) 
X=A 


In deriving Eqs. 11 and 12, the definitions of Omega system time and Omega system frequency (see 
Fig, 7.2-1) were invoked, i.e., 


H H 
>, obxq = 0= >, xe 
X=A X=A 
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7.2.3 State Estimation 

Using a state space formulation, the states of the system can now be defined and related to the 
reciprocal path measurements. The first eight states correspond to dgyg where X= A,B,...H. The 
ninth state is ddqu, which is the variation of the Omega system time epoch from UTC. States 10 through 
17 correspond to the time derivatives of states 1 through 8,i.c.,d@yg = Ofyg. These states correspond 
to the variation of each station’s frequency from the Omega system frequency, which is the mean of the 
station frequencies. The last state is Ofgu, which is the time derivative of the phase variation of the 
Omega system time from the UTC epoch. 


The reciprocal path data for one pair of stations is related to the corresponding two system states 
as in Eq. 7.2-7, Similarly, the average of the external measurement data is related to the ninth state as in 
Eq. 7.2-11. In general, the measurement data vector, z, may be related to the system state vector, d® 
(containing the 18 states) through the measurement matrix, H, as 


z=H6S+v (7.2-13) 


where v is the zero-mean measurement noise vector. Since there are about thirty reciprocal path phase 
measurements (per signal frequency), the first thirty components (rows) of Eq. 7.2-13 yield the internal 
measurements. For these components, the H-matrix contains 1s and ~1s in the first eight columns, 
depending on the measurement set. The next component is just the average of the external measurement 
data, 1e., Eq. 7,2-11, The subsequent thirty components are reciprocal path frequency measurements 
similar to the example for two states given in Eq, 7.2-8. The last component is the Omega system fre- 
quency offset measurement given by Eq. 7.2-12. 


With the system as now defined, the optimal discrete Kalman estimate of the state vector at a 
discrete time & is given as 


80+) = 66(-) + Kile = H,56,(-)| (7.2-14) 


where the “+” in parentheses refers to the state estimate at time & after the measurements are made and 
the “~” to the state estimate at time % before making the measurements, The quantity K; is the Kalman 
gain which controls the relative importance of the new information in the measurement at % (the brack- 
eted quantity). In other words, the estimate of the state after the measurement is given by the state esti- 
mate before the measurement modified by the new information in the measurement att. The Kalman 
gain is given by 


K, = Py(+) Hj Ry! (7.2-15) 
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where P; (+) is the covariance matrix associated with the state estimation error after the measurement at 
t and Ry is the covariance matrix associated with the measurement noise error (see Eq. 7.2-13), i.e. 


P+) = EL6O +) — 6O,( +) )(6,(+) — 66,6+))7; Ry = Ewp?) 


Note, from Eq. 7.2-15, that the “magnitude” of the Kalman gain increases as the norm of P; (+) increases 
and decreases as the norm of Ry increases. This behavior follows from the fact that a large covariance 
matrix norm means the system states are not well-estimated and thus, more weight is given to the most 
recent measurement (high Kalman gain). On the other hand, a large norm for Ry means that the measure- 
ments are very noisy and unreliable so that little weight should be given to the most recent measurement 
(low Kalman gain). The covariance matrix is updated as 


Prt) = Pl) + AT ROH, 


This expression means that, for large measurement errors (large norm for R,), the updated covariance 
matrix changes little. For small R,, however, the inverse of the updated covariance matrix is large 
compared to the covariance matrix inverse prior to the measurement. This means that small measurement 
errors lead to a reduction in the norm of the updated covariance matrix relative to its value before the mea- 
surement. Thus, the uncertainty in the updated state is reduced as a result of small measurement errors. 


7.2.4 Computation of Synchronization Adjustments 


The synchronization algorithm is implemented by acomputer program designated SYNC3. The 
overall SYNC3 structure consists of the following three components: 


e Input data preprocessor (PRES YNC3) 
# Computational engine ( SYNC3) 


e Database. 


The input data preprocessor and the computational engine perform the processing and both components 
interface with the database. Several additional utility programs are included in the interface code 
because of standard DOS memory constraints (< 640 kBytes). 


The purpose of the input data preprocessor, PRESYNC3, is to read the input data from the weekly 
status reports submitted by cach of the eight Omega stations. Each station’s weekly status report con- 
tains the reciprocal path data for internal synchronization, external synchronization data and other 
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operational information. PRES YNC3 reads this data from files on the hard disc, parses the data into data 
structures, performs preliminary data reduction, validity and reasonableness checks, computes the tim- 
ing measurements, and initiates the program to write the data to the database. A status report for each 
station monitor is available after the data is processed. 


The SYNC3 program is organized to process the daily measurement set via an optimal Kalman 
filter to obtain the synchronization corrections (referred to as CORR and ACCUM). This procedure 
‘includes the {following stages: . 


e Processing a week’s worth of station monitor measurement data 
* Retrieving supporting data from the database 


e  Comparing/verifying current week’s cesium clock serial numbers with those of the 
previous week 


* Processing the measurements sequentially to obtain the Kalman estimates 


e Generating the synchronization messages for each Omega station. 


Any mismatch between previous and current Cesium clock serial numbers is identified and/or rectified 
by the program, The iterative expressions presented in Section 7.2.3 are processed using Bierman’s UD 
algorithm (Ref. 5). SYNC3 provides eight predefined plots and seven predefined tables that can be 
viewed interactively to permit analysis of the current data run. Further inforn>ution on SYNC3 operation 
is contained in Ref. 7. 


The SYNC3 software system runs on an IBM-PC compatible computer with an 80386 micropro- 
cessor under the MS-DOS operating system. No extended or expanded memory is required, The pro- 
gram consists of approximately 15,000 source lines of C code developed using the Borland C++ 
compiler (version 3.0). The Paradox relational database (version 3.5) supports SYNC3 processing. 
Most of the tables in the database are temporary tables used for plotting. Data is displayed and plotted 
within Paradox while the C programs are running. The Paradox engine (version 2.0) is used to interface 
the C programming language with the Paradox database. 


SYNC3 permits six different input modes (combinations) for the station timing data. The initial 
phase covariance for a new on-line clock is 1 psec? and the initial frequency covariance is 0.04 (usec/day)?. 
After the filter has reached statistical steady state, switching to an input mode with less data available for 
several weeks does not affect the performance of the SYNC3 Kalman filter. During the period with less 
available data, filter covariance begins to grow, but quickly decays when that timing data is available again. 


Especially in the presence of GPS data, the phase and frequency covariance terms recover quickly. 
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The principal outputs of the program are the updated state vector estimates (see Eq. 14). In particu- 
lar, states 1 through 8 represent the estimated phase offsets (in microseconds) of the eight Omega stations 
from Omega system time. The corrections implemented by the stations are just the negative values of the 
resulting numerical outputs for the states. In similar fashion, states 10 through 17 yield the estimated station 
frequency offsets (in microseconds/day) from the Omega system frequency. These output state values are 
divided by —6 to obtain the four-hour ACCUM adjustments applied to the station on-line clock units. Note 
that states 9 and 18 correspond to no actual adjustment or correction, but the measurements involving those 
States are certainly used in computing all the other corrections/adjustments. 


The output quantities described above, which are based on the Kalman estimation algorithm 
presented in Section 7.2.3 apply strictly to the on-line clock units at each station. Each of the two station 
back-up clock units serves as an immediate replacement in the event of failure of the back-up unit. To 
minimize any weekly differences between the on-line and back-up units, both back-up units are aligned 
(“scoped”) to the on-line clock unit once per day.* Remaining divergences from the on-line clock over 
the period of a day are removed by adjusting (through the insertion of ACCUMs) the back-up clock units 
ateach station every four hours. Although the procedure is the same, the ACCUMS for the back-up units 
are the result of aSYNC3 calculation separate from the Kalman estimates of Section 7.2.3. Instead, the 
phase shifter readings over the nine-week period prior to the current date are fitted to a straight line using 
a least-squares technique. The negative of the resuiting slope (in microseconds per four-hour period) is 
then the ACCUM correction for the particular back-up clock unit for the succeeding week. 


7.3. SYNCHRONIZATION OPERATIONS 


The weekly collection of data and calculation of station synchronization Corrections constitute 
one of the most important functions of Omega operations. As noted in Section 7.1.2, Japan’s Maritime 
Safety Agency (JMSA) has led the operational generation of system synchronization corrections since 
about 1977. The Omega Navigation System Center (ONSCEN) performs back-up calculations of syn- 
chronization corrections to ensure computational accuracy and integrity. 


The overall synchronization process consists of determining the station phase and frequency off- 


sets and applying the computed corrections at each station. The phase and frequency offsets are obtained 


*New Timing and Centrol Subsystem equipment being installed (May 1994) at the stations includes 
the Omega Signai Generator (OMSGEN) and the Omega Signal] Controller (OMSCON). Instead of 
using the oscilloscope method, alignment of the back-up clock units to the on-line units is now made 
by inserting the difference in the OMSGENS into the OMSCON. AI] information regarding these 
differences is transmitted to tie other subsystem units via a communication ring. 








from daily reciprocal path phase measurements and satellite timing measurements. As noted above, this 
weekly data is independently processed by both JMSA and ONSCEN to verify the final results. JMSA 
issues directives to the stations where the correciions (some of which are applied throughout the week) 
are initiated within a few hours of receipt. . 


7.3.1 Measurement Input Data 

The internal synchronization process is supported by reciprocal path data that is obtained from 
station monitor phase data. The phase data at each station monitor is collected for four remote stations 
whose phase is referenced to that of the local station. The remote transmitting station and monitor 
receiver constitute a puth (actually, a short path), which, together with the measurement time, define a 
path-time, Both the paths and the path-times are carefully chosen to be anomaly-free, ie., the predicted 
signal behavior is not modal, long-path, etc. (see Chapters 5 and 6) so that the data can supply maximum 
information on station synchronization differences. In most cases, path-times are chosen so that the path 
lies fully on the day side of the earth (although long-path reception is sometimes a danger when the short 
path is fully illuminated). In selecting or revising path-times, the principal criterion is that the random 
phase error (standard deviation over a month’s worth of daily measurements at a fixed hour) be as small 
as possible. Additional information is provided by using phase data at both 10.2 and 13.6 kHz, which is 
averaged prior to processing by the Kalman filter. 


Table 7.3-1 shows the measurement path-times for both internal and external synchronization 
data. The station monitors are listed across the top and the remote stations whose signals are monitored 
are given in the leftmost column. F 1 the internal measurements at the Omega stations, the phase is 
always referenced to the station loc?.* _3e station monitor. Note that the first eight rows are symmetric 
about the diagonal from upper! «1. wer right. This symmetry arises because of the need to make 
measurements at both ends of areciprocal path at the same time. In some cases, daily measurement times 
(UT hours) change throughout the year, especially on polar paths, where path illumination changes sub- 

tantially over the year. In the case of Loran-C and GPS measurements, the receiver is located at the 
Omega station itself. Note that Loran-C measurements are available at only four stations, whereas GPS 
data is recorded at all stations. 


The synchronization data is compiled by each station and submitted to JMSA and ONSCEN every 
Monday in the form of a weekly station data report. This report presents the daily measurement data, both 
internal (10.2 and 13.6 kHz phase for four path-times) and external (Loran-C and GPS), for the eight days 
from the previous Monday to the most recent measurement. External measurement data, whose daily mea- 


surement times are given in Table 7.3-1, are in units of microseconds. All other (phase) measurements are 
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Table 7.3-1 Path-times for Synchronization Measurements 
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given in 0.01 cycle (centicycle (cec)) corresponding to the given frequency. The report also provides the 
phase shifter (clock) readings in microseconds for the on-line and each of the back-up (primary and sec- 
ondary) clock units. The readings are made after the back-up clock units are aligned to the on-line units 
(see Section 7.2.4) for the current Monday. The remaining portion of the report describes any anomalies 


or discrepancies from routine operations, including: 


© = Cesium status changes — any change in precedence (on-line, primary back-up, sec- 
ondary back-up) is noted, including the changed units, date/time of chanze, and 
phase shifter readings at the time of change. 


¢ = Off-air periods —~ normally refers to periods when transmitter operation has ceased 
so that no reciprocal path measurements are available but clock units remain active 
so that external measurements continue as well as ACCUM insertions for all clock 
units. 


e Reduced power periods — generally do not affect synchronization measurements. 


e = Signal anomalies — reports of any sudden ionospheric disturbance or polar cap dis- 
turbance events during the week, including starting and ending times as well as the 
time of peak disturbance, reciprocal path data is excluded during these events 
although external data is presumably unaffected. 


Further information regarding message format and conten‘ is given in Ref. 4. 
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7.3.2 Computational Output Data and Directives 


The calculation of synchronization corrections commences after all weekly station data reports 
are received by JMSA and ONSCEN. The computation is not lengthy, but requires careful checking of 
inputs and outputs and possibly several re-executions. The central result of the calculation is the updated 
optimal estiniate of the state vector. The first eight states describe the phase/time excursions of the sta- 
tion clocks from Omega system time. To offset these excursions, the negative value of these computed 
state values must be inserted into each station’s on-line clock unit. The directive message from JMSA to 
each station contains the correction value in microseconds, which is entered into all on-line and back-up 
clock units at the next designated insertion time fotlowing receipt of the directive message. Table 7.3-1 
gives the allowed insertion times for each station. The insertion times for each station differ so that sys- 
tem users do not experience a sudden “jump” in phase/time that might lead to a jump in a position track. 


Similarly, states 10 through 17 define the frequency excursions of the station clocks from the 
Omega system “frequency.” Thus, even though, in principle, the corrections from the first eight states 
reset the system, the non-zero drifts in the clocks imply that the stations will begin to diverge from syn- 
chronization soon after the corrections ate made. The negative values of the frequency excursion states 
(States 10 through 17) are intended to offset the expected divergence. It is not feasible to implement a 
continuous time-linear phase change into the clock units, so the frequency offset is approximated as a 
series of incremental phase changes at fixed time intervals. This is the basis for the four-hour ACCUM 
insertions. For a given station’s on-line clock, the ACCUM is computed as the negative of the corre- 
sponding frequency excursion state (in microseconds per day) divided by six (since there are six four- 
hour intervals in a day). The ACCUM values for each station clock unit are also contained in the JMSA 
directive message. Insertion of these values (which may or may not differ from the previous week’s 
ACCUM values) commences at the first insertion time of the next UT day following receipt of the direc- 
tive message. Table 7,.3-2 indicates the six insertion times ac four-hour intervals for each station. As 
noted above, these are staggered to “smooth out” any change in Omega system time. Also shown in 
Table 7.3-2 are the daily alignment or “scoping” times at each station, when the back-up clock units are 
aligned with the on-line units (see Section 7.2.4 and Chapter 3). 


7.3.3 Synchronization Performance 


As a system, Omega has remained weli-synchronized throughout its operational history. Inter- 
nally, the system has been synchronized to within about 5 microseconds since a centralized operations 
center was set up in 1971 under the auspices of the U.S. Coast Guard’s Omega Navigation System 
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Table 7.3-2 Daily ACCUM Insertion and Scoping Times 
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Operations Detail. Prior to that time, only two of the currently operating stations were transmitting and, 
in practice, the systein was more experimental than operational, including the synchronization method. 
Also during this perioa, the system was not intentionally referenced to any external time scale. 


Between 1971 and 1976, external synchronization was an ad hoc process that rciied on USNO 
measurements of the North Dakota signal and portable clock measurements. Determining the Omega sys- 
tem time offset relative to UTC from the USNO data was inaccurate due to the uncertain propagation delay 
(computed from the available PPCs) between the station source and the receiver. A substantial bias error ta 
the PPCs could therefore have resulted in a fixed offset for many months. On the other hand, portable clack 
measurements were very accurate but were made relatively infrequently due to the considerable logistics 
and cost involved, Though accurate initially, the effect of the portable clock measurement would begin to 
decay one week after the measurement was made and the routine weekly data sources (with their built-in 
biases) would agzin “steer” Omega system time after a few weeks. As noted in Section 7.1.2, Omega sys- 
tem time deviated by as much as 29 microseconds from the UTC epoch during this period. 


Beginning in 1976, Luran-C timing equipment was installed at four of the Omega transmitting 
stations; Norway, Hawaii, North Dakota, and Japan, This equipment is used to detect the sig:ial trom the 
Loran-C station closest tc each of the four Omega stations and compare its epoch with the local on-line 
clock unit. Before being used in the synchronization algcrithm processing, the Loran-C timing data is 


corrected for tic following effecis: 


e  Jeviation of the chain master station epoch from UTC 


© 3:CD (at master station) 





e Enmission/coding delay (if signal is from a secondary station) 


e Propagation delay (including ASF) from Loran-C station to timing receiver anten- 
na at Omega station 


e Antenna factor 180° phase shift (5 psec) for luop antenna) 
e  Antenna-to-receiver cable delay 

e Multi-coupler delay 

¢ Receiver delay 

¢ Time to standard zero crossing (nominally 30 psec). 


Except for the first correction, the above corrections are essentially fixed from week-to-week so that 
they are lumped together as a single correction term. The deviation of the chain master station epoch 
from UTC varies daily and is published in the USNO Series 4 Bulletin. 


Since the combined accuracy of these corrections is within a microsecond, the four (northern 
hemisphere) stations making the Loran-C measurements have been held to UTC with an RMS error of 
about one microsecond (Ref. 2). Before 1985, however, it is now believed that the southern hemisphere 
station epochs, which were not externally referenced, deviated from UTC by as much as 3 microseconds 
(Ref. 2). 


The discrepancy between the stations with and witout external data sources can be traced to the 
PPCs. The only “connection” between these two types of stations is through the reciprocal path mea- 
surements. As shown in Section 7.2.1, the reciproca’ p;.th measurements isolate the station pair synchro- 
nization difference only to within the difference of the reciprocal path PPC errors. Though small, these 
errors are characterized as mostly biases (random component is small). Thus, they can persist for 
months, undetected by the internal synchronization measurements. Evidence for these biases emerged 
during the relatively infrequent portable clock visits to the stations and, in fact, efforts were made to cor- 
rect these PPCs based on concurrent portable cloci: measuremenis at several stations. These efforts were 
not entirely successful due to the relatively short-term portable clock visits. 


More direct indications of the biases between the externally linked and internally linked stations 
were obtained when GPS timing equipment was installed at all stations during the period 1985 to 1988. 
Figure 7.3-1 shows a ploi of the daily differences between UTC epoch and the Liberia station epoch for 
the Jas‘ three rnonths of 1985 (Ref. 2). The data in the plot is taken from measurements of Liberia’s 
on-line clock unit relative to GPS (which is essentially aligned to UTC). These measurements were not 
incorporated into the synchronization algorithm until Monday, 4 November 1985, when all measure- 
ments (internal and external) for the previous week were processed. The weekly computation was per- 
formed on Tuesday, 5 November, and the corrections were issued later that day. The next insertion time 
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Figure 7.3-1 Variation of Liberia Station On-line Clock Epoch with Respect 
to UTC During Period When Liberia GPS Measurements were 
First Included in Synchrenization Computation 


following Liberia’s receipt of the directive message was on 6 November 1985. The Liberia correction 
was large (about -3 microseconds) and the measurements shown in the figure reflect this correction, 


Figures 7.3-2 and 7.3-3 provide more insight on the dynamical behavior of synchronization 
corrections. These figures display synchronization data from the period when GPS measurements from 
the Argentina station were first incorporated into the weekly synchronization computation. Figures 
7.3-2a and 7.3-2b show the tirst eight states of the system synchronization model, i.c., the on-line clock 





a 


*This is opposite to the convention in which epoch difference A-B implies that A starts a counter and 
B turns it off; in this case, positive A--B means that A is earlier than B. 
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Figure 7,3-2 


Station Epochs Relative to Omega System time for the Period 
21 December 1987 through 04 January 1988 
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Figure 7,3-3 Omega System Time and Station Epoch Relative to UTC 
for the Period 21 December 1987 to 04 January 1988 


unit ateach of the eight stations relative to Omega system time. The sign convention for the time epochs 
is such that positive values mean the station on-line clock unit is Jate (i.¢., occurs at a later and therefore 
greater UTC time value) with respect to Omega system time.* 


The weckly computation was performed on Day 8 of the plot, i.c., Monday, 28 December 1987, 
using new data recorded daily from 21-28 December 1987. This data did not include GPS measure- 
ments from Argentina, However, the synchronization computation on the next Monday, 4 January 1988, 
did include Argentina GPS data recorded daily from 2@ December 1987 to 4 January 1988. At this time, 
the synchronization algorithm “knew” that the on-line clock unit at the Argentina station was about 
3 microseconds late with respect to the UTC epoch (see Fig. 7.3-3b and Fig. 7.3-4), Moreover, this new 
Information meant that Omega system time was also late with respect to UTC, but not as late as the 
Argentina station (sce Figs. 7.3-3a and 7.3-3h). Thus, the upper right panel of Fig. 7.3-2b shows the Argen- 


tina station epoch with respeet to UTC shifting from a somewhat negative value on Day 8 to a large positive 








in the accuracy of the information regarding the position of the Argentina station’s epoch. Also note that the 
discrepancy with respect to Omega system time continued to widen throughout the week up to the weekly 
computation date, Day 15 (4 January 1988). This happened because the directive information (corrections 
and ACCUMS) for that week were the result of calculations based on data from the previous week which 
did not include Argentina GPS measurements. Thus, the ACCUM insertions drove the Argentina on-line 
clock in the direction (toward later times) that the previous data indicated. 


The new information regarding the Argentina station epoch had ramifications throughout the sys- 
tem since knowledge of Omega system time had changed significantly. With respect to UTC, however, 
Figure 7.3-3b shows that little changed at those stations (A, B, C, D, H) for which GPS/Loran-C external 
measurements had been recursively processed by the algorithm over an extended history. On 4 January 
1988, the new correction/ACCUM computations based on the Argentina GPS measurements were 
issued as JMSA directives and implemented by the stations after this date, These corrections (and, to a 
lesser degree, the ACCUMs) are zesponsible for the dramatic shift in the Argentina station epoch with 
respect to UTC shown in Fig. 7.3-4, By May 1988 GPs measurements from all stations were being used 
in the synchronization computation and Omega system time generally fel! within 0.5 microsecond of 
UTC (Ref. 2). 
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Figure 7.3-4 = Variation of Argentina Station On-line Clock Epoch with Respect 
to UTC During Period When Argentina GPS Measurements were 
First Included in Synchronization Computation 
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7.4 PROBLEMS 


7.4.1 Sample Problem 


1. The following table gives accurate external data on offsets of each station’s on-line clock 
unit relative to UTC (dy) in microseconds. 





What is the offset of Omega system time relative to UTC? 


Ss 


What is the offset of the Norway Station relative to Omega system time? 


Answer: 


a. Eq. 7.2-11 shows that adding all dg yy and dividing by 8 yields dg oy, the offset of 
Omega system time relative to UTC, i.e., -0.575 microsecond 


b. From Eq. 7.2-9, we see that 
Of au = SPag + O¢ay 


From the table above, dg,y = —3.3 psec and from part (a), d@oy = —0.575 usec. Thus, 
66 aq = ~2.725 sec. 


7.4.2 Problems to be Solved by Reader 
1, With the data table in Problem 1 of Section 7.4.1 and a similar table for 8fy1), is sufficient 


information available to estimate the projected state vector and thereby issue directive mes- 
sages? If so, why are reciprocal path measurements still used? 


2. Suppose the synchronization computation results in the estimate: 
Ofpg = 0.32 psec/day 


What is the appropriate ACCUM directive for Station B? 
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7.5 ABBREVIATIONS/ACRONYMS 


A 
ACCUM 
AOS 
APR 
ARGE2 
AUST$ 


C++ 

CW 

cec 
CORR 
D 

DEC 

E 

F 
FORTRAN 
G 

GPS 

H 
HAWAI 
IBM-PC 
JAPAN 
JMSA 
kHz 
LIBER 
MAR 
MS-DOS 
NS$DAK 
NORWY 
OCT 
ONSCEN 
ONSOD 
Paradox 


Norway 

Accumulative correction value inserted every 4 hours 
Data General’s Advanced Operating System 

April 

Argentina’s station monitor 

Australia’s station monitor 

Liberia transmitting station 

Hawaii transmitting station; also a programming language 
An object-oriented programming language 

Continuous wave 

Centicycle 

Weekly phase correction inserted into all clock units at each station 
North Dakota transmitting station 

December 

Fast (referring to coordinates); J.a Reunion (referring to transmitting stations) 
Argentina transmitting station 

FORmula TRANslation code; an older version was designated as IV, newer version is 77 
Australia transmitting station 

Global Positioning System 

Japan transmitting station 

Hawaii's station monitor 

International Business Machines personal computer 
Japan’s station monitor 

Japan’s Maritime Safety Agency 

Kilohertz 

Liberia’s station monitor 

March 

Microsoft Corporation’s Disk Operating System 

North Dakota’s station monitor 

Norway’s station monitor 

October 

Omega Navigation System Center 

Omega Navigation System Operations Detail 

A database management system produced by Borland 
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PPC 


Propagation correction 


PRESYNC3 Input data processor to SYNC3 


REUNI La Reunion’s station monitor 

RMS Root-mean-squared 

SEP _ September 

SYNC2 Name of Omega synchronization program used from 1975 to 1993 

SYNC3 Name of Omega synchronization program used since 1993; also the name given to the 
computational engine of the synchronization program 

UD Upper Diagonal 

USNO U.S. Naval Observatory 

Ur Shortened form of UTC 

UTC Coordinated Universal Time 
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CHAPTER 8 
DATA COLLECTION/ANALYSIS/PROCESSING PROCEDURES 


Chapter Overview — This chapter describes the Omega signal data collection and 
analysis efforts that support the mission of the Omega Navigation System Center 
{ONSCEN). Section 8.1 reviews the goals and history of the Omega Signal Monitoring 
Program in terms of its two components: the Long-term Omega Monitor Program and 
the Omega Regional Validation Program. The network of land-based signal monitors 
supporting the Long-term Omega Monitor Program is described in Section 8.2. 
Section 8.3 explains the procedures used at ONSCEN for processing, analyzing, and 
storing the signal data recorded at the network monitors. Finally, Section 8.4 presents 
an overview of the Omega Regional Validation Program and the individual regional 
projects that make up this program. Problems, including worked-out exomples and 
those to be attempted by the reader, are included in Section 8.5. Abbreviations and 
acronyms used in the chapter are given in Section 8.6 and references ciizd in the chapter 
are found in Section 8,7. 


8.1 INTRODUCTION 
8.1.1 Omega Signal Monitoring Program 


Signals radiated at the current Omega frequencies have been received, recorded, and analyzed 
since well before the Omega system was declared operational. These early recordings demonstrated the 
repeatability and usability of the signals for navigation (see Chapter 2). As Omega grew into an opera- 
tional system, signal monitors formed an integral part of the system configuration, playing key roles in 
signal performance evaluation, station integrity checks, and system synchronization. 


In the carly 1970s, an Omega Signal Monitoring Program was established by the Omega Naviga- 
tion System Operations Detail (ONSOD) with two broad objectives: 


e §=Develop and maintain a worldwide, long-term (multi-year) Omega signal data 
collection activity using land-based monitors for system performance evaluation, 
system synchronization, station signal specification integrity, propagation correc- 
tion (PPC) model calibration, and operational data analysis 


¢ Implement a series of short-term regional data collection activities using both air- 
and surface-based monitors to supplement the worldwide land-based monitor data 
in verifying/validating Omega signal coverage predictions 
The program to carry out the tirst objective is referred to in this chapter as the Long-term Omega Monitor 
Program and the corresponding program to implement the second objective is termed the Omega 
Regional Validation Program. A time-line for the Omega Signal Monitoring Program, indicating major 
sub-programs and other events, is shown in Fig, 8.1-1, 
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Figure 8.1-1 Omega Signal Monitoring Program 
Phases and Activities 


True to its name, the Loug-term Omega Monitor Program has continued from the early 1970s to 
the present (1994). Until about 1978, the program utilized, for the most part, signal monitor equipment 
developed by or for U.S. Navy Laboratories. As stations were constructed and brought on-line in the 
mid-1970s, station monitors were established at sites 20 to 50 km from the transmitting station antenna. 
These monitors were used for testing initial signal transmissions and synchronizing the signal epochs at 
each station to acommon reference time. At that time, the “non-station” monitors were a collection of 
experimental receivers, used for a variety of special-purpose applications, 


In the late 1970s, ONSOD launched an effort to develop a receiver system, specially designed to 
monitor Omega signals. The resulting units, built by Magnavox and designated as the MX 1104 series, 
serve as the basic measurement instrumentation for the modern long-term monitoring program. Until 
the late 1980s, the data was recorded with MFE cassette tape recorders on tapes that were mailed month- 
ly to ONSOD. The monitor receivers designed for use at the Omega stations are MX 1104 units modified 
to operate in the high signal environment of the local station and perform precise single-path timing mea- 
surements. These units include both LS (local site) and MS (monitor site) receiving systems. Based on 
earlier studies of phase error models (Ref. 15), monitors were located at sites spaced at intervais of about 
1500 km, corresponding to a correlation distance obtained from phase error measurements. The plan/ 
schedule for establishing sites and deploying these monitors was guided partly by the need for 








diversified data to calibrate the PPC model and partly by the needs of the Omega Regional Validation 
Program. The network of fixed monitor sites reached a maximum size in the mid-1980s and the decline 
in subsequent years stemmed from aneed to consolidate existing data (in preparation for a re-calibration 
of the PPC model) and the completion of the regional validation program. Since the latier 1980s, a re- 
duced monitor network of approximately 20 to 25 sites has operated to support system synchronization 
and performance evaluation through operational data analysis. 


8.1.2 Long-term Omega Monitor Program -— Data Acquisition 


The network of fixed Omega monitors consists of receiving systems whose measurement data 
serve two broad purposes. The two purposes are uniquely identified with the following two types of 
monitor sites: 


e Station monitors (in the vicinity of a transmitting station) supplying information used 
for system synchronization and performance evaluation/operational data analysis 


e Remote monitors (distant from any transmitting station) providing data uscd for 
system validation and PPC model calibration/refinement. 


Whereas the station monitors form a generally fixed network (although the sites are occasionally relo- 
cated by no more than a few tens of kilometers), the remote monitor site configuration changes in 
response to PPC model calibration or validation prograin needs. Figure 8.1-2(a) illustrates the network 
of 56 fixed monitor sites (filled circles) that existed at the peak ot the MX 11U4 Monitor Deployment 
Program (see Fig. 8.1-1). These sites include both the station monitors and remote monitors used to sup- 
port earlier validation/model calibration efforts. In most cases, a site established to support a regional 
validation project can also be used as a data source for subsequent PPC calibration work. When a 
regional] validation project is completed and the focus shifts to another region, the previous site may be 
retained, if its data is deemed critical for PPC model calibration or system performance evaluation. For 
example, the monitor site in Tahiti was established to support the South Pacific validation effort but, 
because it was set up in the absolute synchronized mode of operation and is well separated from other 
remote monitor sites, it was retained to monitor and evaluate system performance for several more years 
following the validation tests in the South Pacific. 


After the last regional validation project (Mediterranean), the monitor network was reduced in 
size and scope to reflect the needs of a mature system, i.e., inter-station synchronization data reporting 
and operational data analysis, with less emphasis on PPC model calibration and signal coverage valida- 
tion. To satisfy these needs, the station monitors becarne the “nucleus” of the reduced monitor network, 
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which is supplemented by additional monitors. Because of their unique location or accessible time/ 
frequency support equipment, these additional monitors provide data that serves as a sensitive indicator 
of system operational performance. Figure 8.1-2(b) illustrates the 22 site locations (triangles) for the 
reduced monitor network as of June 1992. 


The signal data measured by the MX 1104 monitor is recorded on a disk recorder collocated with 
the monitor. This data includes signal phase and signal quality number (related to signal-to-noise ratio 
(SNR)) at the three Omega frequencies of 10.2, 11% and 13.6 kHz. Ancillary data, such as error codes 
and time constants is also included with the signal data. Normally, the data is recorded every hour on the 
hour, although occasionally it is recorded more frequently. A block format, providing signal phase and 
quality number for all eight stations and three frequencies, is used for the recorded data. A month's 
worth of data that has been recorded hourly is collected on diskette and mailed to ONSCEN. 


Upon receipt by ONSCEN, the data blocks are validated, edited, re-formatted, combined with 
other blocks, and stored as sketched in Fig. 8.1-3. Diagnostic procedures are applied to validate the data, 
including immediate checks regarding block header information and later checks involving plots of the 
processed data. Data block editing may vccur in the re-formatting procedures, although the data values 
themselves are not altered. The data is formatted and stored so as to b2 accessible to PPC model calibra- 
tion routines and operational data analysis. 


The procedures for handling data used to support system synchronization are somewhat differ- 
ent, Ateach station, 10.2 and 13.6 kHz phase data on selected paths at designated “control” times (see 
Chapter 7) are read from the monitor display (measured at the MS unit) and sent via message to Japan's 
Maritime Safety Agency (MSA) and ONSCEN. As explained in more detail in Chapter 7, this data heips 
to determine the relative phase offset of the received station signals. The data recorded on disk at each 
station monitor has the same format as that for the remote monitors, Figure 8. 1-3 illustrates the data Now 
for both the station monitors, which provide data to support both system synchronization and non-opera- 
tional objectives, and the remote monitors, which support only non-operational requirements. 


8.1.3 Long-term Omega Monitor Program — Data Analysis 


The data analysis conducted as part of the Long-term Omega Monitor Program is, of course, tied 
directly to program objectives and goals. As discussed in Section 8.1.1 and indicated in Figure 8.1-1, the 
principal program objectives in the “post-validation” period are to support both system synchronization 
and performance evaluation. Performance evaluation is mainly accomplished through operational data 
analysis but the evaluation results sometimes indicate the need to re-evaluate and re-calibrate the current 
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PPC model. This need is shown in Fig. 8.1-3 in terms of remote monitor data that is used to support PPC 
model evaluation/calibration efforts as well as operational data analysis. 


The particular type of monitor data required to support PPC model calibration is mnostly phase, 
although quality numbet/SNR data is required for identification/rejection of anomalous data, Both 
phase data (fro1m monitors whose phase reference is very precise) and phase difference data (from moni- 
tors whose phase reference is relacively imprecise) may be used for model calibration. Before applying 
the mode] calibration procedure, the data is screened to eliminate suspected anomalies, i.c., those with 
Linu: profile signatures characteristic of modal interference (substantial presence of higher-order modes; 


see Chapter 5), long-path (signal arriving via the longer of the two great-circle arcs connecting a station 








and receiver), low SNR, etc. The data is then down-sampled since the model cannot be simultaneously 
calibrated over al] measurements (which amount to at least severai hundred thousand), Finally, the data 
is laned, i.e., assigned the estimated whole cycle value for the particular measurement. The resulting 
data is then used to calibrate the linear PPC model coefficients. Certain non-linear parameters intrinsic 
to the PPC model are determined from continuous data usually obtained from strip chart recordings at 
the station monitcrs. . 


Virtually ail hourly data recorded at both station and remote monitors is used in operational data 
analysis (ODA). The tasic idea is to provide atime profile of phase and SNR data serving as areference 
to validate newly acquired data, diagnose monitor equipment problems, investigate user-reported anom:- 
alies, and evaluate system verformance. Prior to entry into the reference database, the raw data is re-for- 
matted, edited, and laned. The reference information includes, for each monitor site, plots and statistics 
for the average diurnal phase and SNR profiles over each month at frequencies of 10.2, 114%, and 13.6 
kHz. Predicted phase, computed using the most recent PPC model, is also included in the reference in- 
formation. With this comprehensive information on the Omega monitor sites, operational data analysis 
can be applied ta «ietermine the extent of degraded signal behavior, e.g., month-hour combinations for 
which signals exhibit modal interference, long-path dominance, or low SNR, as well as the relative de- 
gree of position error. 


8.1.4 Regional Validation Program 


In general, the validation of Omega system performance in a given region consists of confirming 
or modifying, if necessary, predicted signal coverage, system availability, and position accuracy in the 
region. To tesi the accuracy of the system predictions, various types of measurement data are required 
including signa! amplitude, signal phase, electromagnetic noise, and phase/position accuracy at most of 
the common Omega frequencies. To determine the appropriate coverage information, measurements 
are inade using Omega monitor receivers on a mix of fixed and mobile platforms. Some signal coverage 
parameters, sucn as SNR, are equally well determined at either fixed or mobile monitors, while others, 
such as modal interference, can be unambiguously determined only from recordings on rapidly moving 
pletforms, i.e., aircraft. 


The validation regions ate typically occan areas including portions of surrounding land masses 
encompassing some 50 to 75 million square kilometers. The enormous size of these regions together 
witn the need to measure the signals from eight stations at four common frequencies over 24 hours dur- 
ing ali months of the year greatly constrains the scope of any experimental program with limited re- 
sources. Thus, the validation projects focused on locations, signals, and times that were expected to be 
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critical, in the sense of marginal coverage, availability, or position accuracy. Where po: ible, measure- 
ments were also made under conditions in which the model predictions are expected ta be weak, because 
of either necessary model simplifications or uncertain geophysical parameters, 


The validation program was carried out region by region over a 14-year period from 1977 to 
1991, as indicated in Table 8.1-1. During this period, the project goals, approach, methods, and measure- 
ment technology evolved considerably, When the program was initiated in 1977, the immediate objec- 
tive was to determine whether Omega would serve as a Suitable replacement for Loran-A (whose 
phaseout was being considered) in the western Pacific Ocean area. Later, the program objectives were 
generalized to include testing the predictions of the model-based coverage diagrams, In particular, it 
was recognized that the coverage parameter describing modal interference could not be determined from 
fixed monitor sites (since its effects can mimic those of high noise conditions) so that the predictions of 
moda: interference could only be tested with measurements on airborne platforms used in the regional 
validation projects. Thus, the later validation projects cinphasized airborne measurements along radial 
paths from stations whose signals were expected to exhibit modal interference for certain hours of the 
day. Validation of modal interference (MI) predictions is facilitated by the relative insensitivity of MI to 
time of year, j.c,, month (although it does depend strongly on time of day) so that the measurements could 
adequately test for modal predictions over the typical project span of a few wecks. 


Table 8.1-1 Omega Regional Validation Projects 





PROJECT/REGION TIME PERIOD* 
Western Pacific Ocean —-| | 1975-1978 








nme © 


Western Pacific Ocean — IIT | 1986-1990 


aT YY a Cm eo 





























North Atlantic Ocean 1978-1 980, 
North Pacific Ocean — 1977-1901 
South AtlanticOcean | 1980-1983 
IndianOcean 1983-1987 
South Pacific Ocean 4985-1987 
Mediterranean Sea ms 1987-1994 


* From beginning cf short-term data collection to final decumentation. 


T The second ptiase extended work done during the first phase by Including validation of 
Omega Australia signal behavior as woll a3 measuremanvanalysie of modal interference 
and long-path propagation or all signals in the region, 
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Measurement data for the validation projects were obtained using a varicty of equipment and 
platforms. The platforms included both short-term (a few days to several weeks) and long-term ground 
sites, Shipboard installations, and dedicated aircraft. As part of the Long-term Omega Monitor Program, 
the long-term monitor sites were usually established with the dual purposes of supporting the validation 
project for the region in which the monitor was located and providing new data for PPC model calibra. 
tion. The equipment used in the validation program varied from project to project but generally con: 
sisted of MX 1104 receivers (ground sites), MX 1105 receivers (shipborne units), specially configured 
receiver systems for the aircraft test bed, Cesium standards (for stable time reference), and supporting 
navigation equipment used as a position reference for both air and marine craft. 


The analysis for cach region was typically carried out by first synthesizing the data trom the vari- 
ous platforms and reecivers that were located in common geographic regions/cells and recording the 
same station signals at approximately the same time, ‘The data was extensively processed and compared 
with predictions from theoretice] mudels, During the coordinated tests, when all receivers/platforinns 
were concurrently operating, ground site data was often collected at 6-minute intervals, rather than hour 
ly. This permitted detection of temporally anomalous events, such as sudden phase anomation (SPAS), 
and lane slips due to quasi-parallel path-terminator conditions, 


As each regional validation project wis completed, a final report was published describing the data 
collection effort and a suminary of the system performance in the region including any variances from (he 
standard predictions (see Refs, 2 through 9). In addition to analysis of the carefully controfled test data, the 
document included operational reports from both marine and air users to verify the operational capabilities 
implied by the test results, In most cases, approval of dhe final eport was followed by a brief note inthe 
Vederal Register thatthe designated region had undergone validation and was “declared operationol for 
Omega navigation.” Jn this way, the validation program became a vebicle to extend step-by-step the 
system's Officially declared operational area, 


4.20 LONG-TERM OMEGA SIGNAL MONITORS 


8.2.1 Objectives 


bor purposes of description, the term “long-feriny Omega signal monitor refers collectively ta 
the signal muuitor equipment, the fixed ground site location/facility, and the recorded data associated 


with each ofthe installations contributing (othe Long-term Omepa Monitor Program, Tn contrast lo (lig 
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shorter-term goals of the Regional Validation Program monitors, the objectives of these long-term moni- 
tors are to provide signal data to support: 


© = EvaluationAracking of transmitting station performance 
e = System synchronization 

© PPC model calibration/refinement 

¢ = Assessment of Omegn signal coverage and accuracy, 


The first two objectives of the long-term monitors listed are operational in nature and will prob- 
ably remain as objectives throughout the lifetime of the Omega Monitor Program. The last two objec- 
tives support long-term prograins (go improve Omega accuracy (through improved phase prediction) and 
signal coverage specification, the cominued need for these programs is periodically evaluated by the 
Omega Navigation System Center, 


8.2.2 Historical Development 

The 1966 Omega Implementation Committee Report (see Chapter 2) recommended placement 
of Omega signal monitor sites al transmitting stations to determine synchronization offsets, Inthe late 
19008 and carly 1970s, monitors not co-Jocated at transmitting etations were used for research purpuses, 
including determination of signal structure and ionospheric parameters, and utilization procedures for 
navigation, Later, as transmitting stations came on line, these monitors were used to verify that sufficient 
signal combinations were available to declare the Omega Navigation System operatione! within speciric 
regions, The statlon monitors served the dua) purpose of Otniega sysien performance monitoring and 
transmitter synchronization, 


Tn plonning the deployment of the non-station monitors, an important considecation is the ideal 


Intersite distances that ure too farge preclude a global characterization of signal behavior A quuntitutive 
basis for wite separation was pought which could be modified by logistical, palitical, and econoniival 
considerations, The prime consideration for selecting a quantitative basis, or model, Wes the phase error 
remuliing front use of the PPC, Thus, the ideal spatial distribution of nunitor sites war bared on the 
spaual correlation of phase yrediction errors, Phase prediction error data from existing monitor sites 
having a range of iniersite distances were used to determine a correlation “cutoff” distance (usually re- 
ferred to us, simply, correlation distance), The correlation distance, which is independent of direstion 
fron the mouitor sie, tus defines the radius of a cirele surrounding cach monitor site as iustrated in 
Vy. 2-7. Avconding to (he correlation model, points inside each circle would yield phase errors which 
ure feasonably well coneloted wit those of the monttor gite al the center of the circle, 
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To determine a set of monitor sites for a region, circles (with radius equal to a correlation dis- 
tance) aré drawn about initial points in the region and then “shuffled” until the total overiap and uncov- 
ered region is minimized, Within cach circle, several candidate monitor sites are selected based on 
Jogistical/political considerations, amount and quality of probable technical support, estimated degree 
of clectrornagnetic interference, and projected costs. Subsequent negotiations with host nation govern- 
ment olficials and private parties determine the actual location of the site, duration of the :noaitoring, 
data sharing arrangements, etc. Figure 8.2-1 illustrates application of the method to the Indian Ocean 
region (focusing on major trade routes) using a correlation distance of 750 nm (1389 km). Circles are 
centered on probable site locations. 


Iinplemeatation of the monitor plan proceeded slowly throughout the 1970s, primarily because 
of a scarcity of operational monitoring equipment, a lack of uniformity among the available monitor 
cqupment, and data recording in the form of strip charts, thus requiring time-consuming, labor-inten- 
sive manual data entry for subsequent processing. Just prior (o the introduction of the “standard” moni- 


tor receiver (described below), long-term Omega monitors, consisting of equipment from a variety of 


manulacturecs, cumbered about twenty. 








Magnavox Advanced Products and Systems Company was contracted by the U.S. Coast Guard 
to develop an Omega receiving system to accurately measure phase without performing any of the usual 
navigation functions. The result was the MX 1104 monitor receiver which detects signal phase on three 
frequencies (10.2, 1114, and 13.6 kHz) and provides an estimate of “single-path” signal phase. The 
MX 1104 also outputs data in a phase-difference format. As a replacement for the earlier hodge-podge 
of equipment, the MX 1104 served as a common sensor for monitoring and permitted compilation of a 
uniform and consistent database. Following acquisition and deployment of the MX 1104 receiver, the 
network of Omega monitors expanded until the mid 1980s, when a total of 56 monitor sites including 
eight station monitor sites were operational (see Table 8.2-1 and Fig. 8.1-2(a)). 


As the collection of phase and phase-difference recordings (referred to historically as the MAS- 
TERFILE) became dominated by the more consistent MX 1104 data, the resulting database could be 
reliably used for its intended applications. In the late 1970s, the most important of these applications was 
the calibration of the propagation correction (PPC) model. The PPC model is a semi-empirical phase 
prediction model based on both theory, which provides the analytical structure, and observed data, 
which ties the model to precise numerical values at known positions and measurement times. The PPC 
model structure was developed by a Naval Electronics Laboratory Center (NELC; now called Naval 
Command, Control, and Ocean Surveillance Center or NCCOSC) group headed by E. Swanson 
(Ref. 11). A version of the model was calibrated at frequencies of 10.2, 1114, and 13.6kHzin about 1971 
using data mostly from measurements made in the 1960s (Ref. 12). By 1980, a sufficiently diverse 
amount of historical and recent (MX 1104) data had been assembled to perform a re-calibration of the 
earlier model, which had been slightly revised. The data consisted primarily of phase difference data on 
signals at the three principal frequencies from the existing Omega stations (as well as from earlicr, cxper- 
imental stations), but excluding the Australia station, which was not yet on-air. The medel calibrated 
with this data (known as the 1980 PPC Model) has been widely used in constructing published PPC 
tables as well as for algorithms utilized in Omega receiver/processor software (Ref. 13). 


Following the 1980 PPC Model calibration, the Long-term Omega Monitor Program continued 
to acquire data in support of PPC model development and calibration, but other applications also began 
to make increasing use of the data. The regional validation program, which began in 1977, generally 
relied on aircraft measurements and short-term monitoring using both land-based and marine platforms 
to validate predictions in the region of interest. Beginning around 1980, data from monitor sites near and 
within the validation region of interest were included in the overall analysis and interpretation effort. 
The long-term Omega monitor data analyzed included SNR, for comparison with coverage predictions, 
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Table 8.2-1_ Omega Monitor Network Sites: January 1987 


MONITOR 
SITE LOCATION SITE LOCATION 


“ANCHO Anchorage, Alaska, U.S. KHART Khartoum, Sudan 
AREQU KURE2 Kure Island (U.S.) 5 
ARGEN LEWIS Butt of Lewis, U.K. - 


ASCEN Ascension Island (U,K.) LIBER 


MARCU Marcus Island (Japan) 

Attu, Alaska, U.S. ~ | MCMD$ McMurdo, Antarctica (U.S.) 
BAHR2 Manama, Bahrain NEASM -. 

Belem, Brazil - NEWZ$ 

[ BORN | Bornauen FooroRcoUS | NOR 

Brisbane, Australia 
BUEN2 Buenos Aires, Argentina 

Cubi Point, Philippines RECIF 
DARW! RESO2 


DIEGO Diego Garcia (U.K.) REUNI 
EAST$ | Easter Island (Chile) — | RIO$3 
FAIRB 


Fairbanks, Alaska, U.S. SAMO02 
FARN2 Slough, U.K. SANTI 
FROBI 


Frobisher Bay, Canada SARD2 
GIBRA 
GRAND 


Gibraltar (U.K.) SINGA 


SRILS Colombo, Sri Lanka 
Sone [Si Hela and) 
HOKKA 


TAHIT Tahiti (France) 
TOULS — 

“INUV2 WASDG 

VAPS$$__ 


MONITOR 




























Arequipa, Peru 








Trelew, Argentina 


Brewerville, Liberia 









Nea Makri, Greece 


Lower Hutt, New Zealand 
Dickey, North Dakota, U.S. 


Hestmannen, Norway 














~ | San Diego, California, U.S. 
Perth, Australia 


Pretoria, South Africa 


Recife, Brazil 


NOSC4 

















Darwin, Australia Resolute Bay, Canada 








La Reunion Island (France) 








Rio de Janiero, Brazil 


Pago Pago, AmericanSamoa 


Santiago, Chile — 
Sardinia (Italy) 




















Singapore 
Rio Grande, Argentina 









Honiara, Guadalcanal, Solomon Is. 






Wahiawa, Hawaii, U.K. 












Hokkaido, Japan 






Toulon, France 
Washington, DC, U.S. 
Yap, Western Caroline Island (U.S,) 





Inuvik, Canada 


Tsushima, Japan 














and phase/phase-difference, whose diurnal behavior yields clues regarding the presence of modal inter- 
ference and long-path signal propagation. This data quickly became an integral part of the regional val- 
idation data collection effort and, later, the selection of new deployment regions for the long-term 
monitors were based on the regional validation schedule. Following the commencement of operations at 
Omega Australia in 1982, the monitored data for this signal was rapidly processed and analyzed to deter- 
mine its time-dependent navigation utility in various parts of the world. 


After reaching its peak size in the mid-1980s, the network of Omega monitors began to be scaled 
back in the Jate 1980s, This was partly due to a reduction in the scope of both the PPC model calibration 
database compilation and the regional validation program. Two important contributing factors, howev- 
er, were that the buildup of measurernent data began to exceed the capacity of the designated processing 
system and (partly because of the data overload) equipment failures were frequently not detected for 
extended periods of time. Thus, the long-term Omega monitor program in the late 1980s became fo- 
cused on fewer sites with higher-quality data that was more rapidly processed. At monitor sites where 
precise UT time was available, exact single-path phase errors could be computed, leading to better esti- 
mates of Omega position accuracy. The operational objectives, including systern synchronization, PCD 
detection, and system performance evaluation were also re-ernphasized. As of June 1993, the Omega 
monitor network comprised a total of 22 sites (see Table 8.2-2 and Fig, 8,.1-2(b)). 


Table 8.2-2 Omega Monitor Network Sites: June 1993 


Monrovia, Liberia : 
MCMD$ | McMurdo, Antarctica 

) Dickey, North Dakota. 

Carrajung, Victoria, Australia NEWZS Wellington, New Zealand 

| Buenos Aires, 36, Argentina Utskarpen, Norway Norway 
cocos Cocos island, Australia Australia San Diego, California California 

Wahlawa, Oahu, Hawail 

Hokkaido, Japan. Riviere des Plules, La Reunion 
INUV2 | Inuvik, NWT, Canada TAHIT Tahiti, French Polynesia 


JAPAN | Ozaki, Tsushima Island, Japan | TOUL$ | Toulon, France =StSCS& 












MONITOR 
SITE 





LOCATION 


Alexandria, Virginia 








Arequipa, Peru 






El Tehuelche, Argentina 


Pretoria, South Africa 








Butt o of Lowis, U.K, ~~ USNO$ | USNO, Washington, DC 
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8.2.3 Omega Monitor Modes and Data Types 


Currently, the Long-term Omega Monitor Network comprises MX 1104 receiver systems, each 
of which consist of a receiver/processor unit, an antenna coupler unit, and a disk recorder unit, A crucial 
part of the recciving system is the reference oscillator, or clock, associated with the receiver/processor 
unit. The accuracy (stability) of the clock (oscillator) defines the mode of monitor and the type of data ob- 
tained. The reference oscillator internal to the MX 1104 has relatively low stability, but external oscillators 
of higher precision are easily attached to the MX 1104, effectively bypassing the internal oscillator. 


The three basic monitor modes/types are listed in Table 8.2-3. Although mode and type are used 
synonymously, “mode” generally characterizes the stability of the reference oscillator, whereas “type” 
(numbered 1, 2, or 3) usually refers to the resulting data (see Chapter 9, Section 9.4.2). Note that the table 
contains headings for both frequency and time references. For Types 2 and 3, the distinction is immiateri- 
al, but for Type 1 data, the clock employed by ui receiver in making the measurement must not only be 
stable, but synchronized to UTC. The three types of data are defined as follows: 


Type 1 — Phase data referenced toa highly stable clock (such as a Cesium frequency 
standard) and phase/time-synchronized to the Omega station signals 


Type 2 — Phase data referenced toa highly stable clock (such as a Cesium frequency 
standard) 


Type 3 — Phase difference data, i.e., differences in signal phase between pairs of station 
signals accessible to the receiving system 


Type | data is available at only arelatively few sites where external equipment, such as acesium frequen- 
cy standard or a satellite timing receivers, are available to maintain phase coherence and accurate time 
reference. Phase/time synchronization can be maintained through external means because the signal 
waveform transmitted by each Omega station is synchronized (approximately) to Coordinated Univer- 
sal Time (UTC), which serves as a reference for most high-precision standards and navigation satellites. 
This type of data is the only source of phase error (observed phase — predicted phase) information over a 


single station-to-receiver path. Type 2 data, which is somewhat more common than Type 1 data, permits 
analysis of single path diurnal phase behavior (since it is referenced to a stable source), but not single 
station phase error. Type 3 data results when no high-stability reference (1 part in 10!2 or better) is 
coupled with the receiver/processor so that only phase-difference measurements are meaningful. 





Table 8.2-3 Omega Monitor Medes/Types 


MODE FREQUENCY REFERENCE TIME REFERENCE 
awn ERCERTANTY 


(2) High-Stability 


Cesium" < 10-12 (none) 
Reference 


* The Cesium Standard is the most common device satisfying the listed stability criterion, but other standards, 
such as Rubidium, which satisfy the stability criterion, are also used. 


















(3) Low-Statility 
Reference 


For the purposes of PPC model calibration, Type 2 as well as Type 3 data on single paths must be 
differenced, since an “exact” datum* is required to determine the linear model coefticients. The phase- 
difference measurements are less desirable, from the viewpoint of PPC model calibration, than the absolute 
mode measurements providing single-path phase data, since differences introduce additional noise (day- 
to-day fluctuations (at a fixed hour) on two paths) and reduce observability by subtracting modeled phe- 
nomena common to the two paths. Some Type 1 data was used in PPC Model calibrations prior to 1990, 
although it was extremely small compared to the phase difference component. 


Type 2 data can be used directly (without differencing) for system performance evaluation and 
signal coverage analysis. Such analysis is possible because, aside from a fixed (unknown) offset, the 
reference phase diverges negligibly from the transmitted phase over a period of days or weeks. Thus, the 
diurnal behavior of a signal can be analyzed for signs of modal interference or long-path. Type 1 data 
also permits this kind of analysis, and , in addition, allows direct measurement of single-path phase error, 
since the reference phase offset is effectively zero. A collection of single-path phase errors at a monitor 
site can be used to directly determine the position error that would be incurred by a receiver operating in 
the range-only navigation mode in the vicinity of the monitor site. 


An important source of Type 1 data is the station monitor receiver. In terms of equipment avail- 
able at the site itself, the station monitors actually operate in the low-stability reference mode, i.e., the 
receivers are cquipped with a medium-precision crystal oscillator so that only phase-difference mea- 
surements can be accurately made. For the station monitors, however, one of the paths is the very short 


*The precision implied here refers to the fractional pari of the cumulative phase, which is the only 
meaningful part of the measurement; the integer part is generally predicted reiiably from assumed 
wave number values (see Chapters 9 and 4). 








one (15 to 50 km) from the local station to the station monitor. This path is so short that the phase is 
assumed to be well-approximated by the free-space phase (although recent measurements indicate that 
this approximation may be less accurate than previously assumed (Ref. 14)), Since the phase for this 
short path is assumed to be a known constant (independent of time), the phase difference data is easily 
adjusted to describe entirely the path to the remote station. High time-resolution data from strip-charts at 
the station monitors are used to establish the nonlinear parameters of the PPC model which govern diur- 
nal phase behavior and other time-dependent features. 


8.2.4 MX 1104 Monitor Description 


Figure 8.2-2 is a functional block diagram of the principal components of the Magnavox 
MX 1104 receiver system. The principal components of the system are: 


e Antenna coupler unit 
© Receiver/processor unit 


e Data recording unit. 


The antenna coupler unit consists of a whip antenna which senses the signal (and noise) in a rela- 
tively wide bandwidth, a pre-amplifier which amplifies both signal and noise, and a shielded cable, 
which transfers the signal from the antenna to the receiver. The antenna, which is of the E-field “blade- 
type,” has an approximate bandwidth of 4 kHz and is mounted vertically. This antenna orientation is 
chosen so that the receiver responds preferentially to the linearly polarized, vertical Mode 1 electric field 
of the Omega signal. The pre-amplification boosts the signal (and noise} to overcome losses in the long 
cable (50 to 100 m). 


The principal functions of the receiver/processor unit are to filter and amplify the signal, perform 
signal detection and tracking, extract and process the signal phase, and display the data. The receiver is 
of the “RF-tuned” type in which the signal is processed at its received frequency, rather than down- 
converted to a lower frequency prior to processing, as in heterodyned-type systems. The RF-tuning 
method was selected to eliminate phase distortions due to frequency down-conversions. 


The receiver “front-end” is designed primarily to reduce/eliminate noise and isolate the signal 
without introducing “self-noise.” This is accomplished by passing each (station/frequency) signal through 
a 100 Hz bandpass filter, a 100 mV/m limiter, and a multi-stage amplifier. The signals are associated with 
the appropriate Omega station through a signal acquisition/synchronization process in which the pulse 
widths at each frequency are measured and compared to the transmission format. The bandpass filter 
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Figure 8.2-2. Magnavox MX 1104 Omega Receiver Components 


TeG:i:es the flat-spectrum noise and the limiter excludes the high noise level impulses (‘‘sferics”). The 
multi-stage amplifier is designed to minimize intermodulation products (internal phase noise). 


In the detection stage of the receiver, the analog signal is first converted to a digital form using a 
8-bit A/D converter. The time base for the resulting digitized signal is provided by the (internal or external) 
teference oscillator/clock which is typically at a frequency of 1 MHz. The “phase” of the signal is initially 
measured as the number of clock pulses from a reference point/interrupt to the next zero-crossing of the 
digitized signal. In the “absolute” mode of operation, a 120 mV calibration signal, which is generated by 
the receiver and injected at the antenna via a separate cable, is used to correct for the delay time through the 
antenna cable and receiver. The calibration signal is injected into the time/frequency slot conesponding to 
an operator-selected station whose signal is expected to be very weak and unusable. 








The phase of each signal (identified by station/frequencv) is controlled by an individual phase- 
locked loop. Each phase-locked loop is second-order to provide feedback control for both phase and 
phase rate of change. When averaged over several cycles, the phase-locked loop yields a smoothed esti- 
mate of the phase, depending on the time constant selected for the loop (1 to 5 minutes). In the most 
common mode of operation, the time constant is determined from the loop “error,” i.e., the diffc.ence 
between the estimated and measured phase over one loop cycle. Thus, if the loop error is large or doesn’t 
converge, the signal is “noisy” and the time constant is extended; conversely, a small loop error means a 
stable, noise-free signal and a short time constant. The cosine of the loop error (phase angle) is averaged 
and becomes the so-called “linear” estimate of signal-to-noise ratio (SNR). See Chapters 4 and 12 for 
additional information on phase-locked loops. 


Phase and other data measured by the MX 1104 is sent to the receiver display, which is refreshed 
every 10 seconds. The display allows several options for data presentation, including selected phase 
difference readings, phase with respect to the reference clock for one or more stations/frequencies, and 
SNR, both as a linear estimate and the “true” value (in dB). The receiver-internal conversion from the 
linear estimate of SNR to its value in dB is obtained from acalibration of the receiver using a fixed signal 
level and variable noise level. Since the flat-spectrum noise generator used in the SNR calibration does 
not include “impulsive” noise, the dB-value form of the SNR datum may not be valid in the presence of a 
large impulsive noise component. This is true even though the receiver limiter “cuts off’ large impulsive 
noise spikes since the noise level statistics (which influence the SNR calibration) change with the inclu- 
sion of the impulsive component. Finally, the receiver also displays diagnostic data such as error codes 
and estimates of internal oscillator drift. 


The fixed-format data sent to the recorder is processed (averaged/smoothed) substantially more 
than the data displayed on the receiver CRT. The recorded phase and SNR data are the result of filtering/ 
smoothing the instantaneous data values over the internal time constants. Phase data transferred to the 
recorder also passes through a triangular filter that weights each data group one time constant before and 
after the recording time by one-sixth and the data at the recording time by two-thirds, This filtering re- 
moves anomalous shifts in the data which may occur at the time of recording. Until the late 1980s, a 
cassette tape recorder was an integral part of the monitor equipment suite. A cassette tape typically held 
one month’s worth of hourly phase and SNR data on the three primary Omega signal frequencies. To 
improve the reliability and maintainability of the recording function a disk recording system was ac- 
quired for all monitors beginning about 1989. 








| | $.2.5 Monitor Site Operations 


A uniform set of procedures have been established by ONSCEN for routine operations at all 
Jong-term monitor sites. These procedures include: 


“@ . Tdentification of monitor operational status 


,-@ Communications with ONSCEN regarding monitor operations or equipment 
malfunction ee ate” ae 


« In the case of an equipment malfunction, identification and removal of defective 
"component — 


¢ Removal/replacement of data disk and submittal to ONSCEN. 


These procedures are intended not only to make monitor operation as simple and routine as possible, but 
also to ensure uniformity of data collection and minimize operator-induced errors. 


Long-term Omega monitors are frequently installed at a facility where other electronic equip- 
ment is also being operated. This arrangement is advantageous since the facility normally maintains 
proper environmental control (e.g., temperature and humidity) for electronic equipment and the person- 
nel assigned to oversee the monitor are generally familiar with radio-type equipment. Oversight person- 
nel are requested to make daily spot checks of the monitor equipment to insure normal operation. 


Ifa problem with the monitor equipment is noted, diagnostic error codes may be entered from the 
keyboard to determine the general nature of the problem and, in somie cases, the identification .mber of 
the faulty board. The problem symptoms and diagnostic results are communicated to ONSCEN usually 
by message or facsimile. ONSCEN’s response may be a request to return a component, make an adjust- 
ment, or perform another diagnostic test. Returned components (normally circuit boards) are jimmedi- 
ately replaced with functioning units to minimize monitor off-air time. ONSCEN sends the defective 
components to the manufacturer for repair or replacement. 


At the end of a month, the data disk from the recorder is mailed to ONSCEN. A supply of disks is 
retained at the mcnitor site facility so that anew one can be inserted immediately after removing the old 
one. This procedure ensures a minimal loss of data during data transfer. The disk capacity is actually 
sufficient to hold more than a month’s worth of data, but the monthly period is retained because: 


e The capacity of the earlier cassette tape recorder unit was only slightly more than 
a month’s data 


© Longer periods increase the possibility that an undetected receiver error may render 
the data useless over a greater length of time. 
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Because some of the monitor sites ely remote, the mailing times vary from a few days to several 
"weeks. Asa result, ONSCEN attemp.s to screen the data quickly for any apparent receiver error so that 
the site can be notified of the error and the procedure for correcting it as soon as possible. The most 
direct way to detect an error is io scan the header line of the block format. Codes identifying system-de- 
tected errors are inserted in column six of the header line. These error codes, which are listed in 
Table 8.2-4, also appear on the MX 1104 display but may not be noted by monitor site personnel. Fre- 
quently, receiver malfunctions are not detected by the system. These errors are usually only determined 
through an analysis of the data itself. Some typical crrors that may be detected in the data are: no diurnal 
variation in the phase for all channels may indicate a broken antenna wire, or incorrect diurnal variation 
on each channel (not physically realizable for the indicated station/frequency), an indicator that the re- 
ceiver has probably become de-synchronized. 


Table 8.2-4 MX 1104 Error Codes 


PROBABLE CAUSE CORRECTIVE ACTION 


Checksum failure for the PROMs on Replace Board 3 
Board 3 (Memory Board) 


Failure of Control Processor Unit (CPU) Replace Board 4 
on Board 4 


Instability of 5 MHz Oscillator Replace § MHz Oscillator 


Failure of digitai interface self-test on Replace Board 7 
Board 7 


08 Checksum failure for the memory (daughter | Replace the daughter board on Board7_ 
board) on Board 7 (digital interface) 








8.2.6 Current Monitor Network 


The current Omega Monitor Network comprises the 22 monitor sites listed in Table 8.2-2 and 
portrayed in Fig. 8.1-2. Nearly a third of these sites (8) are station monitors, which effectively operate in 
the absolute mode, as explained in Section 8.2.3. Of the remaining 14 monitors, four are operated in the 
absolute mode, providing Type (1) data. Four other monitors operate in the high-stability reference 
mode (using Cesium standards) and the remaining six are low-stability reference mode monitors, utiliz- 
ing only the internal MX 1104 oscillator. This network of monitors provides a good mix of monitor 
modes and a reasonably uniform geographic dispersal of sites. 








Although the data from the current network sites may see some usc in the support of PPC madel 
improvement and signal coverage verification, most of its application will be to support system synchro- 
nization, system performance evaluation, and anomalous event detection. System performance evalua- 
tion requires 4 quantitative determination of: (1) how tightly each station maintains synchronization 
with respect to system timie/UTC, (2) the adherence of each station’s transmitted waveform to the signal 
specification, and (3) the relative amount of unscheduled off-air time. For synchronization, the station 
monitors provide system-internal measurements of phase as a critical adjunct to external time reference 
measurements. High-resolution data from the station monitors on certain polar paths is constantly 
checked for possible polar cap disturbance (PCD) events. A positive PCD indication on one path must 
be confirmed by positive indications on all polar paths before a PCD warning is publicly issued. Data 
from certain station monitors can now be readily accessed by modem. This data is acquired through the 
Remote Data Acquisition (RDA) system, recently implemented by ONSCEN and USNO. The RDA 
system, comprising a digital communication system and interface units, can retrieve/display phase, 
phase-difference, SNR, antenna current, and station timing information relative to GPS. The rnost re- 
cent data may be accessed as well as data for any hour over the preceding 45 days. Phase-difference data 
averaged over a five-day window (within the preceding 45 days) may also be obtained, 


8.3. MONITOR DATA PROCESSING AND ANALYSIS 

Monthly Omega signal data from the Jong-term Omega monitor sites are collected and processed 
by ONSCEN. Although monitor site personnel occasionally request permission to copy and analyze the 
monthly data prior to submittal to ONSCEN, most of the data collection and analysis is performed by 
ONSCEN staff. This single focal point for the data processing and analysis activities ensures uniformity 
and minimizes errors in the resulting data. 


An illustration of the steps in the overall data processing procedure is portrayed in Fig. 8,3-1, 
Sections 8.3.1 and 8.3.2 describe the functions shown in the figure. 


8.3.1 Initial Data Processing 


Each monitor data file (resident on the data disk forwarded to ONSCEN) comprises a series of 
monitor data biocks which are normally recorded each hour on the hour. These data blocks contain sig- 
nal data valid over the duration of approximately one tirne constant prior to the recording time. 


An example of a monitor data block is portrayed in Fig. 8.3-2. Each block contains seven lines of 
character data. The header line (line 1) contains eight information fields as described in the figure. The 
descriptions are generally self-explanatory, Field five designates the presence of the triangular filter (see 
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Vigure 8.3-1 Monitor Data Processing and Analysis 


Section 8.2.4). The error codes for Field six are given in Table 8.2-4, Note that fur the alaiion monitors, 
Fields five and six are reversed and two digits are allowed for an expanded set of error codes. ‘The ata- 
tions are listed in positional order so that, for example, if the signal from Station C (Hawaii) ts being 
recorded, « C would be shown in the third position, if C is not being recorded, an X would uppear inthe 
third position, and, finally, if C were chosen as the culibrate channel, a Y would appear in the third porl- 
tion. The time constants (1 to 5 minutes) for cach signal are tied to the sume positional order, Vor 
position in the time constant list, since the calibrate signal is strong and requites only the shortest pos- 
sible time constant to detect its phase, 


Each of the next three lines contains the signal phase data for the eight Omega stations at a single 
frequency, i.¢., Line two for 10,2 kHz data, Line three for 11% kHz data, and Line four for 13,6 KH data, 
Each line contains cight three-digit phase values corresponding to the station signal list given in the 


header linc. As noted in the figure, the rightmost two digits ure the phase valucs (with respect to the 
reference osciliator) in centicycles and the leftmost digit is the Jane value. The Jane value digit is arbi- 


undetermined phase bias), With a low-stability reference oscillator, this procedure can only be applied 
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Higure 8.3-2 0 Example of Monitor Data Block 


three-digit phase values are differenced (using 1000s-complement arithmetic). 


Similarly, each of the final three fines contains the “signal quality” index for cach of the three 
Srequencies in the same order us phase, Lach line contains eight two-digit values corresponding to the 
tlution signal list given inthe header line, These indices are given with respect to the so-called “linear” 
nicuile (00-99) for signal quality, Ap noted in Section 8.2.4, these values are just the averaged cosine of the 
Joop error renuling from the phase lock loop processing. 


Asa first step in monitor data processing. the data block header Jine is scanned by a pre-processor 


routine to detect possible faulty, For example, the control start character may be absent or the site 1D 
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code may not match that for the originating site as indicated by the mailing label. The pre-processor also 
checks for the correct nurnber of characters per line and the total number of lines in the data block. 
Where possible, corrections for data block crrors are implemented manually. If an error introduces an 
ambiguity that cannot be resolved, the data block is rejected. 


Normally, the recording time in the header line is checked to see if it is on the hour (i.e., 00 min- 
utes) and if the hour increments correctly through subsequent data blocks. Occasionally, however, other 
recording times are valid. For exaraple, during certain validation tests, the data is recorded every 10 rnin- 
~ utes over a period of a few days, The calibration channel assignment is also checked to ensure that it is 
not inadvertently changed over the month. Sometimes, however, ONSCEN directs the site to change 
calibration channels, based on analysis of the data or on operational requirements. Since the triangular 
filter ensures a more stable measurement of signal parameters, the filter field in the header line is 
checked for an ON status for most monitor operating conditions. Any non-zero errer codes are noted and 
passed on to ONSCEN technicians who monitor the equipment/component history at each site. Based 
on the indicated error code, historical data, and other information, ONSCEN communicates an additional 
inguiry or corective action to the monitor site. Finally, the calibration channel quality number is checked 
to sce if it exceeds 90, A smaller number might indicate excess noise or a damaged antenna cable. 


8.3.2 Data Formatting and Storage 


For cach monitor, the raw data blocks for a given month and year which are accepted by the pre- 
processor program are combined and reformatted, as illustrated in Fig. 8.3-3. The data is processed by 
means of a software utility (known as Program CRUNCH) which allows the following output format 
options: 


e Kaw data (no processing) 
e Separate phase/SNR/frequency files 


»  Parsed data files. 


The forraat for the raw data is illustrated in Figure 8.3-2. ‘This option simply retains the original 
data format and effectively involves no processing. 


The format for the second option, which is illustrated in the upper right portion of Fig.8.3-3, orga- 
nizes the raw data for a given monitor/month/year into six files specified by frequency (10.2, 11%, or 13.6 
kHz) and data type (phase or SNR quality number). Thus, for example, file HAWAI0392.S2 contains SNR 
quality number data at 1114 kHz from the HAWAII monitor site collected during March 1992, Within each 
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Figure 8.3-3 Monitor Data Reformatting Options 


file, the data is listed as 24 columns, corresponding to UT hour, and 28 to 31 groups of eight-row data corre- 
sponding to station signals A, B,..., H for each day of the month. 


The parsed data file format is illustrated in the lower right portion of Fig. 8.3-3. Each of these 
files contains both phase and SNR data for all frequencies for each day of a given month at a given moni- 
tor site. The corresponding filenames, e.g., REUNI1191, for this data tormat contain al! the necessary 
information so that no file extension is needed. The data in each file is again arranged in 24 columns and 
28 to 31 groups of rows corresponding to day of the month. Within cach group of rows, the data is for- 
matted as three subgroups (corresponding to frequency} which is further divided into eight two-row 
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units. Each two-row unit corresponds to a station signal with the first row containing the phase data and 
the second row containing the SNR quality number. 


The files described above constitute the basic structure for storage of monitor data. Although 
subsequent processing stages may be considered as data analysis/applications, two procedures, imple- 
mented by programs ODAEDIT and SNRAVG, are routinely and systematically applied to the data, The 
inputs and outputs for these two programs are illustrated in Fig. 8.3-4. Note that not all of the program 
output options are routinely selected. 


ODAEDIT processes the separate phase/frequency files according to an input file of selection 
options. These options include the desired phase-difference pairs (sometimes called “LOPs”) at a given 
monitor site. The phase-difference values are obtained by differencing the appropriate raw signal station 
phase data which is referenced to the internal (or external, if present) receiver clock. The monitor site 
name and month/year is input to the routine via the list of input filenames, 


The XEVENT files shown in Fig. 8.3-4 supply information on anomalous event occurrence su that 
measurements made concurrent with these events may be appropriately flagged, The event-concurrent 
measurements are flagged — not deleted — so that subsequent analyses may choose to delete or accept 
these measurements, based on an assumed level of user knowledge regarding event occurrence, The 
particular events for which the XEVENT files provide information are Sudden Ionospheric Distur- 
bances (SIDs), Polar Cap Disturbances (PCDs), transmitting station outages, and monitor outages. Sig- 
nal data recorded concurrently with these events are flagged as shown in Table 8.3-1. Other flags are 
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assigned as a result of ODAEDIT processing. When evaluating the statistics of the daily measurements 
taken at a given hour (for a given monitor site/LOP/frequency/month/year), two types of outliers are 
identified. The Q-flag is assigned to a measurement if either of the following conditions hold: 


© The measured value is more than two standard deviations from the mean of all pre- 
viously unflagged measurements at the given hour 


e The measured value is more than eight centicycles from the mean of all previously 
unflagged measurements at the given hour. 


Table 8.3-1 Daily Measurement Flags 


FLAG DESCRIPTION 
Measurement concurrent with an SID event 


Measurement concurrent with a PCD event 
One of the two stations making up the LOP palr was off-air at the time of the measurement 


The monitor was not operational at the time of the measurement 


Outlier (more than two standard deviations or eight centicycles from the mean unflagged value 
at the given hour) 


Data from a set of unlagged daily measurements which are too variable (standard deviation > 
15 cec) 


"Insufficient data (fewer than 7 unlagged dally measurements for the month at a given hour) 


If an outlier flag is assigned in the processing, the statistics are re-computed until either no outli- 
ers are assigned or if fewer than 7 unflagged daily measurements remain (for the given hour). When the 
re-computation cycle is completed, an L-flag is assigned to all remaining measurcinents if the standard 
deviation of the remaining unflagged daily measurements is 15 centicycles or greater. If, after the above 
flagging procedures are applied, fewer than 7 unflagged daily measurements remain for the given hour, 
the I-flag is attached to all remaining measurements for that hour, 


The ODAEDIT output which is routinely produced consists of data files containing both 
observed and predicted information for a given site/LOP/month/year/frequency. In each file, the data is 
again formatted as 24 columns, corresponding to UT hours 00-23, The information given in cach row 
includes, for each UT hour, 


e = The number of unflagged daily measurements 
¢ =The mean LOP value, averaged over the unflagged daily measurements 


e = The predicted LOP valucs, computed for Days 7 and 22 of the month and averaged, 
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The filenames for the output data files consist of a five-character monitor site name, two-digit month, 
two-digit year, and the two stations making up the LOP. The file extension contains the characters “PR” 
followed by the digits 1, 2, or 3, indicating 10.2, 1114 or 13.6 kHz, respectively. When files with com- 
mon site/LOP/month/year are combined for all three frequencies, the resulting information is used to 
generate plots and special tables. 


Like ODAEDIT, SNRAVG processes the separate SNR/frequency files according to an input 
file of selection options. These options include the station signals for which SNR is desired (usually 
excluding the calibrate channel) at a given monitor site. No SNR differencing option is available for this 
process. The monitor site name and month/year is input to the routine via the list of input filenames. 


Two types of files are output by SNRAVG. The first type, which is written only for special- 
purpose applications, has a monthly block format (24 columns with the rows corresponding to days of 
the month), consisting of observed SNR quality numbers for a given station at a site/month/year/ 
frequency, Following each block, two rows of data are provided which contain, for each UT hour, 


e The number of unflagged daily measurements 


® The mean SNR quality number for the given station, averaged over the unflagged 
daily measurements. 


Each file contains eight such blocks (with the two summary rows appended to each block) corresponding 
to the eight station signals (including any station which happens to serve as a calibrate channel). This 
type of file is used for data analysis and is given a filename which consists of a five-character monitor site 
name, two-digit month, and two-digit year. The file extension contains the characters “SXAV,” where 
“X" is 1, 2, or 3, corresponding to frequencies 10,2, 1114, or 13.6 kHz, respectively. 


The second type of file, which is routinely written by SNRAVG, contains only the information 
listed in the two rows appended to each station signal block in the SXAV-type file (see the two bullets 
above). The file thus consists of eight pairs of rows, each pair corresponding to a station signal. This se- 
cond type of file is used for ODA plotting and is given the extension “SXAVPLT,” where, again, “X”’is 1, 2, 
or 3, corresponding to frequencies 10,2, 1114, or 13.6 kHz, respectively. Because the SNR quality number 
has a nonlinear relationship to the SNR expressed in dB, the averaged quality number, converted to dB, is 
not the same as that obtained by first converting each SNR quality number to dB and then averaging. 


Aggregation of all .PRX and .SXAVPLT files for a given site produces a series of plots and spe- 
cial tables which collectively serves as a hard-copy “dossier” of information for a given monitor site. 
This is described further in Section 8.3.5, 
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The predicted LOP values at a monitor site are simply the difference between the nominal LOP 
value (which depends on frequency) and the PPC (which depends additionally on time). The PPCs cur- 
rently used (1993) are based on the 1980 PPC Model (see Chapter 9). Since the nominal LOP value 
contains the full cumulative phase difference information (in units of nominal wavelengths), the pre- 
dicted LOP value has an integer part (number of nominal wavelengths) and a fractional part. The 
observation, however, provides valid information only on the fractional part. Thus, the observational 
data is “laned” by assuming that the full predicted value is within 0.5 cycle of the observed value at each 
hour. This assumption allows an unambiguous assignment of a full lane number (integer part of the phase 
value in cycles) to the observation for each hour. To reduce data storage, the minimum lane number over 
the 24-hour monthly average is subtracted from each laned observation average. This also ensures that 
all observed LOP averages are positive. 


The principal reason for applying the procedure described above is no? to establish correct lane, 
but to correctly juxtapose the hourly observed LOP values so that the shape of the diurnal is physically 
reasonable. Fcr example, if the fractional part of the monthly average observed LOP value at hour h is 
0.47 (cycle) and the value at hour h+1 is 0.98, then, without a priori guidance, one wouldn’t know 
whether the phase increased by 0.51 cycle during the hour or decreased by 0.49 cycle (to ~0.02 cycle 
which is equivalent to 0.98 cycle) over the same period. In this case the predictions (using the PPCs) 
supply the overall guidance, with the basic assumption that the predictions are within 0.5 cycle of the 
observed phase or phase-difference value. When this assumption is invalid (as occasionally happens on 
transition paths longer than 10 Mm), the LOP diurnal behavior is not correct. An alternative is to use the 
third least significant digit in the raw data. As noted in Section 8.3.1, when the phase values in a data 
block are differenced (to construct an LOP value), this third digit retains its validity as a lane reference 
from hour-to-hour or day-to-day. In unusual circumstances, where the propagation conditions change 
faster than the receiver time constant, the receiver may “slip” a lane and thereby yield the wrong third 
digit value. Another possibility is that the receiver may be shut down (power off) and restarted between 
hourly measurements, thus resetting the lane number difference relationship. 


An optional output of the ODAEDIT program is a series of specially formatted monthly blocks of 
data making up the “Master Data File.” This output format is used primarily for PPC model calibration and 
in response to special requests. The blocks contain the daily measured phase (two digits) at each UT hour 
for a given site/LOP/frequency/month/year. Each block corresponds to a unique file having a filename 
consisting of the five-character monitor site name, followed by the month (two digits), the last two digits of 
the year, and the two letters of the station pair (LOP). The file extension consists of “MF,” followed by a 
single digit: 1 — 10.2 kHz, 2 — 1114 kHz, and 3— 13.6kHz. A sample file block is shown in Fig. 8,3-5. 
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‘The header line of the file block (see the sample block in Fig, 8.3-5) contain the year, month, fre- 
quency, and monitor site name. The two characters corresponding to the station signa; \ake up the phase 
difference measurement are followed by a third character indicating the station “local” to the monitor. A 
zero in the following field indicates the measurement was made “on” the UT hour. The character in the 
following field is a block flag indicating the quality of the data block as a whole. This flag is no longer used 
by ONSCEN in assessing data quality. The following real number is the nominal value of the LOP in cycles 
at the appropriate frequency. The nominal value is followed by the normal illumination depression (NID) 
in units of centicycles, The use of the NID in the 1980 calibration is discussed in Chapter 9. The NID is 
followed by the monitor site’s latitude (positive is North) and longitude (positive is East) in degrees. The 
next 23 columns give the day/night flags for UT hours CO- 23. ““D” means both of the paths making up the 
LOP are fully illuminated (in day); “N’* means both paths are in night. The last two figures in the header 
line are the day phase “error” (cecs) and night phase “error” (cycles), respectively, where “error” refers to 
the difference between the averaged observed value (separately for each “D” or “N” day/hour measure- 
ment) and the nominal value. These two values are no longer used by ONSCEN. 


The next two rows in the Master Data File block list the PPCs (1980 PPC Model) for each UT 
hour for the first and second half-month (the 7th and 22nd of the month). The following rows list the raw 
phase-difference data (in cecs) for each UT hour and each day of the month. The next two rows provide 
the number of unflagged measurements for each half-month at each UT hour. The phase errors 
(observed — predicted; in cecs) for each hourly set of unflagged measurements for each half-month are 
given in the next two rows. The final two rows yield the standard deviations (in cecs) for each hourly set 
of unflagged measurements for each half-month. 


ODAEDIT also provides as a “printer’’ output the information in a given Master Data File Block 
with additional statistics and data summaries, as shown in Fig. 8.3-6. Much of this information is specially 
prepared for use with the 1980 and earlier PPC model calibrations but is no longer used by ONSCEN. 


8.3.3. Quarterly Monitor Repart 


To assist in managing the Long-term Omega Monitoring Program and coordinating the activities 
of the monitor installation teams, the data processing staff, and the data analysts, a report is prepared 
each quarter, providing the most recent information on the monitor program. This report, which is pub- 
lished by the Analysis and IRM Branch of the Signal Analysis and Control Division at ONSCEN, was 
formerly published monthly, but as monitoring activities have become more controlled, less frequent 
reports are needed. The distribution of the report coincides with a meeting of all Signal Analysis and 
Centrol and Engineering Division personnel with monitor-related duties. 
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Figure 8,3-6 Sample “Printer” Output of Master Data File Block 


The report commences with a map showing the locations of all active monitor sites. This is fol- 
lowed by a summary report of monitor site activities for the last 12 months (see the sample summary in 
Fig. 8.3-7). The activities are indicated by a table of monitor sites (rows) and the immediately previous . 
12 months (columns), Abnormal activities are listed as codes in three separate categories: 


¢ General — monitor site established/disestablished; equipment status, etc. 


e Data Disk Received — data not recorded on-hour, receiver mis- synchronized, less 
than 7 days of good data, etc. 


e Data Disk not Received — late delivery expected, equipment problems suspected, etc. 


The summary report is followed by a site-by-site list of communications with each monitor during 
the quarter. The communications items concern mostly reports on equipment health status, replacement 
components shiprnent status, requests to insert appropriate calibration channel, ID codes, etc. The commu- 
nications report is followed by a status report on monitor site installations and/or removals, The monitor re- 


port usually concludes with a list of spare MX 1104 monitors and their operational status. During the final 
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1991 1992 

J JAS ON DJ F MAM ZI 

U UU ECOE AEAPA Y 
SITES- ID CAL CLK CODE NLGeERtMNECNBRRY RN 
ALEXD- 90 (H) ABS * FE * * & kk & &k & & & & 
‘AREQU= 02 (A) css * * *« EE *® & &# & & & & & & 
ARGE2+ 65 (A) Int * * & & & &k & F&F & & &K K & 
AUST$+ 22 (A) Int k *& & &* & & & & &k kK K & & 
BOEN2~- 10 (A) Cs5 * * * £6 E4 E4 E3 E3 E8 EO * * E6 
cocos- 15 (D) Cs5 No ek eke ke & ke & ke Ke RE RH Kk eK 
HAWAI+ 29 (F) Int ek & & & & & & & EQ & *& & 
HORKKA- 31 (F) Int. E6 * * * & & * EG ® * * & & 
INUV2~ 32 (F) Int * * E6 E4 E4 E4 E3 E3 EO EO* * * 
JAPAN+ 33 (B) Int ek ke & & & & k k ok Rk OK OR 
LEWIS- 24 (C) Int NO E4 E4 E4* * *&* * * ET EQ * * & 
LIBER+ 45 (C) Int ek &- & & & & & & MV 
LIBE2+ 43 (H) Int NP EQ * *& & 
MCMD$~ 44 (B) Int * E7 E7 E7 E7 E7 E7 E7 E7 E7 E7 E7 E7 
NSDAK+ 51 (E) Int ek &k & & & & kek eK ek KOR Rk 
NEWZ$~ 50 (B) ABS E4 E4 E4 * * & & & *& &k & & EG 
NORW2+ 54 (G) Int NP * *& *&£ & *&* & &k & & & & &€ 
NOSC4= 52 (B) Int R4E4 E4 & &* & & & & & & & & 
PRETO~ 68 (H) ABS *k* * &€ & RR & & & & & & & RG 
REUNI+ 38 (D) Int kt * & & & & & EGE *& & *& EG EB 
TAHIT- 66 (B) Cs5 NO E4* * E4 * * EG6 * E6 EG * * & 
TOULS- 85 (C) Int NO koe ko * FER & & kK ek ek RO 
USNOS- 99 (H) ABS ae oe oe * FO eK * & * & e * 
DATA DISK RECEIVED---~---- 19 18 19 19 18 19 21 21 18 17 21 21 21 
DATA DISK NOT RECFIVED---- _3 4.3.3 4.3 1.1.4 _5 1.1 1 

TOTAL OPERATIONAL SITES-- 22 22 22 22 22 22 22 22 22 22 22 22 22 

LEGEND 
GENERAL 


MV= Monitor site was moved 

NP= New Monitor site position. 

NO= Site equipment not owned by ONSCEN 

WD= Site withdrawn - Equipment returned to ONSCEN 

E5= Awaiting return of equipment - NOT counted as operational site 


DATA DISK RECEIVED 

El= Data no good, out of sync 

E2= Data not recorded on the hour or within (+/- 6 min.) 

E3= Data no good, possible equipment problems 

E6= Less than one week of usable data received for the month 
E8= Data no gcod, incorrect format or no data on tape 


DATA DISK NOT RECEIVED 

EO= Data disk not received, reason unknown 

E4= Data dis!: not received, known equipment problems 
E7= Data disk not received, expected later 


Kigure 8.3-7 Sample Monitor Data Summary Report 








quarter of the year, a special table at the end of the report summarizes the data processing over the calendar 
year, including the fraction of “good” data received and processed. 


8.3.4 Diagnostic Analysis 


Although many of the malfunctions of the Omega monitoring equipment or operator errors can be 
detected by observing the receiver operation or scanning the error codes in the raw data header block, a siz- 
able fraction of such errors remain undetected. To identify these problems and ensure phase data integrity, 
predicted and observed phase/phase-difference data are sampled and plotted. Specifically, the phase/phase- 
difference data provided in the .PRX files (see Section 8.3.2) are plotted as a function of UT hour. 


A sample phase plot for the “G-D” LOP at the North Dakota station monitor is presented in 
Fig. 8.3-8. To within a constant phase bias, this plot shows the phase profile on the single path from the 
Australia transmitting station to the North Dakota station monitor. The “O” values in the figure plot 
correspond to the observed phase data with lane numbers obtained from the corresponding predicted 
values. The “P” values in the figure are predicted phase values obtained by subtracting the appropriate 
PPC (from the .PRX file) from the nominal value. This procedure automatically yields a full lane count 
for the predicted vaiue and the lane number for the observed value is chosen so that it is within 0.5 cycle 
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203.25 
203.00 
202.75 
202.50 
202.25 
202.00 
201.75 


201.50 


Phase Difference (cycles) 


201.25 


201.00 





2 OT 2 3 4 5 6 7 8 9 10 111213 14516 17 18 19 20 21 22 23 24 
NNNNNN DDDODD 
UT 


Figure 83-8 | Sampie Phase Piot for Data Diagnosis: Observed and Predicted 
10.2 kHz Australia Station Signals as Received at the North Dakcta 
Station Monitor — February 1991 
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of the predicted value. Where the “O” and “P” values overlap (are nearly eq ual), a “=” appears in the 
figure plot. Monitor name, LOP, time (year, month), frequency, and monitor location (latitude, longi- 
tude) are displayed at the top of the plot. The plot abscissa (labeled “GMT”) also indicates the “LOP 
illumination” in which both paths of the LOP are in day (’"D”) or both are in night (’N”). 


A data plot such as this is useful for rapidly diagnosing certain types of monitor problems. For 
example, the observed values could lie along a straight line, paraliel to the abscissa, thus not following 
the diurnal variation indicated by the predictions. This condition might indicate, forexample, a severed 
antenna connection. Another possibility is that the “O” values could trace out a “sawtooth” shape, hav- 
ing an envelope which tends to follow the predictions. This result might suggest a malfunctioning oscil- 
lator with a “drift” rate greater than 1 cec/10-second Omega pulse. In other cases, a normal diurnal 
profile may be obtained, but not at all like the predicted diurnal variation. In these cases, the receiver has 
become mis-synchronized so that, forexample, A > D, B +E, etc. This possibility is easily verified by 
consulting plots of other LOPs at the same site/month/year/frequency. 


8.3.5 Operational Data Analysis 


Operational data analysis (ODA) refers to a rather general set of activities, procedures, docu- 
mentation, and databases that are used to provide information mostly on observed Omega signal 
behavior at the long-term Omega monitor sites. Specifically, ODA information is used to support: 


© Omega system performance evaluation 
e  Reference/archive functions 
e Signal usability classification 


e Monitor fault analysis. 


ODA supports Omega system performance evaluation by providing data that can be used to de- 
termine: (1) the utility of the “signal in space” from each transmitting station at the monitor sites, and (2) 
the reliability of signal transmission, in terms of off-air fraction (as measured, not as reported), and con- 
sistency/continuity of signal level and phase stability. Although the monitor sites represent a small spa- 
tial sample compared to the actual global usage, the data from these sites provides a useful check on the 
signal coverage predictions (see Chapter 10). Evaluating station reliability based on the monitored sig- 
nal depends on the first item of performance evaluation listed above, i.e., the utility of the propagated 
signal. Station performance is best evaluated Ly combining the ODA information with direct inform:- 
tion, such as anienna current levels, obtained through a remote data access (RDA) link to each station, 





Asareference/archive source, ODA information can be used to identify anomalous signal prop- 
agation paths at a monitor site. Two commoniy employed techniques are frequency tracking and recipro- 
cal path analysis. 


Frequency tracking refers to comparison of measured or predicted phase/phase-differences val- 
ues at several frequencies. Frequency tracking is built on the assumption that, when Omega signal prop- 
agation to a monitor is not subject to self-interference, the measured diurnal signal phase for a given 
station will only differ from frequency to frequency by a bias, i.c., by a frequency-dependent shift, 


Reciprocal path analysis is based on the assumption that the observed phase at cither end of a 
“reciprocal path” should be nearly identical except for anisotropic (direction-dependent) propagation 
effects, Examples of reciprocal path measurements are phase measurements of Hawaii at the North Da: 
kota station monitor and measurement of North Dakota at the Hawaii station monitor. The anisotropic 
reciprocal path difference measurements and predictions at the same frequency should track closely, If 
they do not, an anomalous path condition such as modal interference or long-path propagation is 
indicated. 


84 OMEGA REGIONAL VALIDATION 


By the Jate 1970s, the Omega Navigation System transmitting station network, with seven of the 
eight stations operational, was nearing completion, At this time, the U.S, Coast Guard and U.S, Navy 
initiated a wide-ranging program to validate the predicted coverage, accuracy, and availability of the 
Omega system. The overall validation effort, termed the Omega Regional Validation Program, was 
designed to determine worldwide system effectiveness through investigations of Omega performance in 


Atlantic, Indian Ocean, South Pacific, and Mediterranean. 


During its life, validation program objectives evolved as insight into Omega signal propagation 
increased, For example, the initial validation project in the Western Pacific sought to determine whether 
sufficient signal was available to declare the system operational there, and whether Omega could replace 
the LORAN-A system in the region, Also the initial validation projects (see Table 8. 1-1) placed empha- 
sis on SNR and GDOP as measures of system availability and effectiveness and on the collection of local 
phase data for PPC model refinement. However, by the mid- 1980s the significant contibution of modal 
interference and long-path signal dominances phase interference on Omega signil usability had become 
apparent and use of the Omega Navigation System had shown that, at least for receiving systems using 


8-37 








aye 
W798 


Wy bat ct i 2 ae eee 


nee a : ‘Be. , Pot Ky 


ont 


qi” 


Del North 
ue } , Atlantle xy 


au" 


A 


Indian t 
j 
ap Ocean 


40" 7 eat - 4 : : . : 40" 
d - a 5 South 4.3 


Pacific 





ov 


TPO eee 
Ve ‘ " “ - ™ tention - 


v* 29 AU OO BGT pa gu Pgs peg yage $60" bdo” Pu" ggg go" dt” Q 


Or) 





7” 


Figure 84-100 Omegs Validation Regions 


userthe appropriate way to use Omega (e.g, Which signals to deselect) as a function of Gine in the region 
of interest 


84.1 Methodology 


System validation is, in yeneral, a process of confirming or modifying, if necessary, established 


coverage, accuracy, and availability predictions for a given region of the globe, ‘Yo verity and/or test 





information. These data must necessarily be collected in a somewhat con:rolled environment, i.e., under 


carefully planned test conditions. 


Figure 8.4-2 provides an overview of the methodology employed in the seven regional valida- 
tion projects, First, theoretical models are employed to predict signal levels, SNRs, and phase behavior 
within aregion. Next, spatial boundaries outlining area of significant signal behavior are determined. 


Such areas include regions of marginal signal coverage or high prediction uncertainty, e.g., modal signal 


region. Bascd on this theoretical guidance, test plans are generated for data collection using short-term 


land, ship, and airborne monitor platforms, These data as well as data from long-term Omega monitor 


sites are then analyzed and used to confirm/modify existing signal coverage predictions. Finally, a re- 


port is produced which documents the project including the test plan, data sources, analyses, and results. 
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Figure 8.4-2 Overview of Validation Project Methodology 
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_Four types of monitor platforms were used to provide validation project data: 


e Airborne 

e Shipborne 

e Short-term land-based 

® Long-term Omega monitor sites. 


The first three types of platforms were used to collect data over the comparatively short duration (few 
weeks/months) of an individual validation project targeted for a specific region. The last platform type 
refers to sites of the Long-term Omega Monitor Network used to supplement the data collected from the 
short-term piatforms. | 


Table 8.4-1 summarizes the types of data collected for the validation projects and indicates typical 
platform instrumentation. Data collected by airborne platforms include signal amplitude and noise mea- 
surements from calibrated receivers (see e.g., Ref. 7) as weil as position-fix accuracy (see e.g., Ref. 4) from 
comparison of Omega and INS-derived position. In some cases Cesium reference clocks were used in 
combination with the Omega receiving system to measure singie-path signal phase behavior. Signal ampli- 
tude and background noise data were also obtained from short-term land-based sites using calibrated 
receivers while Long-term Omega monitor sites provided SNR and phase/phase-difference data. Finally, 
shipborne receivers supplied SNR and position-fix data (through comparisons of Omega and TRANSIT- 
derived position -— Ref. 5). Ship and airbome transits through a validation region also served to sample the 
spatial coverage of individual Omega station signals accessible to the region. 


Figure 8.4-3 shows the flight paths used by the test aircraft for the Western Pacific (Phase II) 
Omega Validation Project. The configuration of these flight paths was strongly dictated by the predicted 
spatial modal interference patterns for the Japan and Australia transmitting stations. 


Table 8.4-1 Validation Test Data Summary 


PLATFORM TYPICAL INSTRUMENTATION 
Short-term land- “Calibrated” MX 1104 receiver Signal amplitude/phase 
based site VLF atmospheric noise 
MX 1105 receiver SNR 
Position-fix accuracy 


Airborne Calibrated receivers wave analyzers, Sune amplitude/phase 


high-precision frequency standards, and 
Long-term Omega 
monitor site 











Shipborne 





















operational navigation receivers VLE atmospheric noise 


Position-fix accuracy 









MX 1104 receiver Phase/phase-difference 


SNR 
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@ = Amplitude measuring equipment added to long-term monitor sites 
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© Aircraft maintenance/operating bases 


Figure 8.4-3 Western Pacific Oinega Validation Test Program 
Aircraft Flight Paths and Fixed Monitor Sites 


8.4.2 Documentation 


As apart of each Regional Validation Project, a report was issued documenting test procedures, 
data, models and analyses, and results (Refs. 2 through 9). The content and scope of these reports 
changed over the period of the Validation Program in consonance with the changes in the goals/em- 
phases of the validation effort. In the remainder of this section, summaries are given for each of the seven 
Validation Projects. 


Western Pacific — This project was conducted in two phases as indicated in Table 8.1-1. The 
main goal of the first effort (Ref. 2) was to determine if Omega coverage and accuracy was adequate to 
replace LORAN-A in the region. This question was answered in the affirmative. Evaluations were 
made of phase and position-fix accuracy for the region and a map was developed showing LOP coverage 
at 10.2 kHz. The second phase of this effort (Ref. 9) was undertaken after the Australia transmitting 











Station became operational. Data collection and analyses focused on validating theoretical predictions 
of the extent and location of self-interference areas within the validation region. In the main, the theoret- 
ical self-interference predictions were found to be correct. Recommendations were made for changes to 
the boundaries of several modal areas based on the data analysis. 


North Atlantic — This effort (Ref. 3), like the Western Pacific Validation Project, was initially 
planned to evaluate Omega as a replacement for LORAN-A in the region. With completion of the LO- 
RAN-A phase-out, the effort was redirected to focus on determining Omega performance in the region, 
It was found that Omega signals did meet marine/aviation navigation requirements by using a combina- 
tion of 10,2 and 13,6 kHz signals to provide adequate coverage for this area. Data collection resources 
were concentrated on times (hour/month) consistent with available theoretical coverage predictions, 
i.c., local summer noon and local winter midnight. Sufficient data were obtained to locate the predicted 
eastern boundary (through the eastern U.S.) of the modal interference area associated with the Argentina 
station. Modal and long-path boundaries (through the North Atlantic airlanes) were also located for the 
Liberia and La Reunion station signals, respectively. 


North Pacific -— This validation eftort (Ref. 4) showed that Omega provides excellent naviga- 
tion fix accuracy and coverage in the region particularly north of Hawaii. This is achieved through a 
combination of good GDOP and exceptional signal coverage both spatial and temporal. As part of the 
analysis for this effort, models were developed describing modern Omega receivers. These enabled the 
coverage results, validated in this region for local summer noon and winter midnight, to be extrapolated 
to all months and hours. The effort also confirmed the predictions of modal interference associated with 
the Hawaii station signals and the long-path behavior in this region of signals from the Argentina trans- 
Initting station. 


South Atlantic — For this effort (Ref. 5) theoretical coverage predictions were available for an 
expanded set of hours/months — 0600 and 1800 UT and February, May, August, and November — at 
10.2 kHz. Data collected for the validation indicated good Omega coverage and accuracy at both 10.2 
and 13.6 kHz. Analysis of self-interference of signals from the Liberia station suggested corrections to 
the predicted modal signal boundary for these signals. 


Indian Ocean — This effort (Ref. 6) was the first in which theoretical predictions of self-interfer- 
ence were available at both 10.2 and 13.6 kliz. Emphasis was placed on evaluation of total Omega system 
performance at all frequencies. Good Oniega coverage and accuracy were found in mosi of the region. The 
data confirmed theoretical predictions of 13.6 KHz modal signals from the Liberia station and supported the 
need to generate a more densely sampled set of modal predictions for 10,2 kHz Japan signals. 
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South Pacific — For this effort (Ref 7.), greatest emphasis was placed on validation/correction of 
self-interference predictions ~-— particularly interference associated with trans-equatorial and low-latitude 
signal paths. Analyses of the collected data indicated that Omega signal availability and accuracy were 
adequate for navigation purposes, Relative to self-interference, the data confirmed most predictions of 
modal signai behavior at 10.2 and 13.6 kHz and suggested small changes to the near-station modal 
boundaries associated with the Japan and Hawaii station signals. Adjustments were also suggested for 
the predicted boundaries for long-path propagation, but accurate placement of the boundaries could not 
be determined based on the available data, 


Mediterranean --- This final validation project provided ONSCEN with an a opportunity to uti- 
lize the Omega system availability methodology/model (see Chapter 11 and Appendix C). Frequency- 
tracking analyses for the data collected during this validation effort confirrned the self interference 
predictions for both 10.2 and 13.6 kHz signals, and the effect of the “Greenland shadow” on reception of 
the North Dakota station signal in the eastern Mediterranean. The data also confirmed that sufficient 
signal combinations were available in both the eastern and western Mediterranean for navigation pur- 
poses, From analyses of the GDOP and phase errors associated with these signal combinations during 
the times at which they are available, Omega was found to meet the system design goal (2 to 4 nm posi- 
tion accuracy) with a 95% availability in both the eastern and western Mediterranean. 


8.5 PROBLEMS 


8.5.1. Sample Probiems 


1. Briefly discuss the conditions under which a signal could exhibit self-interference. Why 
would differencing reciprocal path phase data serve to indicate self-interference? 
Solution: 
a. Modal interference and long-path-dominant signal propagation are the most 


common forms of self-interference. Both types of interference depend on the 
direction of propagation of the signal, i.e., if the effect occurs on a given transmit- 
ter-receiver path, it generally does not occur if the transmitter and receiver are 
reversed. If propagation is normal, the signal phase recorded on the two recipro- 
cal paths appears very similar. Thus, the reciprocal path difference will result in 
small values, Because of the direction dependence, however, if one of the recip- 
rocal paths exhibits self-interference, the other reciprocal path is not likely to, so 
that differencing will yield large values over the time period of interest, e.g., over 
a diurnal period. 
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Suppose you are a project leader in the Regional Validation Program and have arranged 
for equipment to measure Omega signal amplitude at several short-term land-based sites. 
You need to measure the noise in some bandwidth, but can only use an MX 1104 receiver, 
since the amplitude-measuring equipment cannot make the required measurement. With 
only simple, inexpensive attenuators (devices that reduce signal amplitude) at your dis- 
posal, how can you use the MX 1104 to measure noise in the signal bandwidth, at least for 
those cases in which the SNR is not too low? 


Solution 


8.5.2 
1. 


a. If the variable signal attenuators are connected between the pie-amplificr and the 
receiver front-end, they primarily act to reduce the signal level since the noise in 
the signal bandwidth is assumed to be dominated by the signal. By adjusting the 
attenuators, the output SNR, as estimated from the output of the phase-locked 
loop, can be set to 0 dB (or some specified positive number). This means that the 
signal and noise levels are equal in a 100 Hz bandwidth and since the signal am- 
plitude is independently measured, the noise level (100 Hz BW) is readily deter- 
mined. 


Probiems to be Solved by Reader 


Raw MX 1104 phase data from a monitor site shows a value of 649 at hour 01 and 497 at 
hour 02 on a single-path measurement without a stable clock reference. If no predictions 
are available, can you tell whether the phase increased or decreased during the hour? If 
predictions were available and showed a phase increase, how would you reconcile this with 
the observed data? Would such a discrepancy normally occur with phase-difference mea- 
surements? Why? 


Most Omega receivers employ a PPC model for adjusting received signal phase. De- 
scribe why signals affected by self-interference cannot be corrected by this model. What 
can a user do about signals with self-interference? 


8.6 ABBREVIATIONS/ACRONYMS 


PPC 
ONSCEN 
SNR 
ODA 

UT 

sec 


Propagation Correction 

Omega Navigation System Center 
Signal-to-Noise Ratio 

Operational Data Analysis 

Universal Time, i.e., Greenwich Mean Time 
microsecond 





PCD 
dB 
LOP 


Polar Cap Disturbance 
decibels 
Line-of-Position 


XEVENT File containing time/duration of anomalous events during which all signal measure- 


SID 


ments are flagged 
Sudden Ionspheric Disturbance 


GDOP Geometric Dilution of Precision 
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CHAPTER 9 


SIGNAL PHASE PREDICTION MODEL 


Chapter Overview ~- Omega navigation is fundamentally based on measurement of the 
Omega signal phase, but this phase mus: be “corrected” for signal propagation effects be- 
fore it can be used for navigation. This chapter explains the need and basis for the signal 
phase corrections, known as Propagation Corrections (PPCs), and describes the prediction 
model used to calculate the PPCs. Section 9.] summarizes the major technical issues in the 

’ chapter and provides a brief historical sketch of PPC model development. The basic rela- 
tionships among cumulative phase, received phase, lanes, and distance over the earth are 
explained in Section 9.2. This section aiso discusses how the received signal phase is crans- 
formed into the “nominal” phase model through use of the signal phase predictior: model, 
often referred to as, simply, the PPC model. Section 9.3 presents an overview of PPC model 
Structure and computational flow in terms of path definition, sub-modei classification, and 
temporal modification. Calibration and evaluation of the semi-empirical PPC mode! with 
respect to signal phase measurements at Omega monitor sites are described in Section 9.4, 
Also in this section, the signal prediction performance of various PPC models with respect to 
several measurement databases are compared and discussed. Section 9.5 is an appendix 
which provides a thorough treatment of the PPC model, including its semi-empirical form, 
representation of basic physical processes, and spatialtemporal structure. Problems, in- 
cluding worked-out examples and those to be attempted by the reader, are included in Sec- 
tion 9.6. Abbreviations and acronyms used in the chapter are given in Section 9.7 and 
references cited in the chapter are found in Section 9.8. 


9.1 INTRODUCTION 


9.1.1. Basis for a Signal Phase Prediction Model 


The principles of Omega signal usage for navigation are based on the premise that the phase of a 
signal received from a transmitting station is closely related to the station-receiver distance (see Chap- 
ter 4). Ideally, changes in Omega signal phase, as measured on a moving platform, bear a fixed linear 
relationship to corresponding changes in the position of the platform over the surface of the earth. With 
this idealization, navigation and positioning are relatively simple procedures that involve only the signal 
frequency and station locations, in addition to the phase measurement. 


In the case of Omega, however, signals propagate to very long ranges and are substantially in- 
fluenced by spatial and temporal variations in the electromagnetic and geophysical properties of the 
earth and ionosphere. These effects on the received signal phase lead to a marked departure from a linear 
dependence on distance, thus greatly complicating use of the signals for navigation. To make the signals 
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usable for navigation, the complex propagation effects must therefore be eliminated or reduced. 
Assuming that this elimination or reduction is possible, how can it be most reliably and effectively 
achieved? Over the years, several methods have been developed for eliminating cr reducing the complex 
signal propagation effects on navigation and positioning. These methods may be categorized as: 


e Internal — Corrections are derived from the characteristics of the received signals 
(at one or more frequencies) 


° External — Corrections are derived from external sources. 


One of the internal methods that was used in earlier-generation receivers consists of simply 
subtracting the signal phases at two of the frequencies (e.g., 10.2 and 13.6 kHz) transmitted from the 
same station. To eliminate propagation effects, this procedure (which is similar to the method for 
resolving lanes) relies on the assumption that propagation effects at the two frequencies are completely 
correlated. In reality, the propagation effects at the two frequencies are only partially correlated, so that 
the complexity of the resulting signal is lessened but far from eliminated. A related, but improved 
internal method is to take the appropriate linear combination of the signal phases at the two frequencies, 
i.c., the combination that minimizes the variation over 24 hours (diurnal variation). This technique, 
known as Composite Omega (Ref. 1), reduces the diurnal variation, but does little to reduce the spatial 
variation, i.e., the wide range in phase behavior exhibited by equal-iength paths during the same time 
period over substantially different electromagnetic and geophysical environments. 


The external methods used to reduce the effects of the propagation path environment on signal 
phase include primarily real-time corrections (broadcast locally) or predicted corrections in the form of 
published tables or algorithms. Real-time corrections are provided oy differential Omega systems (see 
Chapter 4) in certain local areas. These corrections are supplied to the receiver via a data link (usually an 
LF beacon) based on the processing of observed signals at acentral, surveyed monitor site. Corrections 
are accessible to receivers in the local area, i.e., within about 200 to 500 nm of the monitor site. Predicted 
phase corrections, known as propagation corrections or PPCs, are available as published tables or 
computational algorithms. PPCs are computed from semi-empirical models of VLF signal phase, 
incorporating both signal propagation theory and observational data from worldwide monitor sites. 
PPCs are generally considerably more accurate than the internal methods described above but less 
accurate than real-time differential corrections (in the local areas where they apply). Compared to 
differential corrections, PPCs have the advantage ihat they apply globally (with varying degrees of 
accuracy). For these reasons, application of PPCs is currently the most common method of reducing the 
undesired effects of the signal propagation environment on the received Omega signal phase. 
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9.1.2 Principal Features of Propagation Correction (PPC) Models 

A PPC model is os:sniially a description of how the phase of the Omega signal changes with 
distance and time between the generation of the signal at the transmitting station and its detection at the 
Omega receiver. A compiete theoretical description of the propagation cf the signal, accounting for its 
intermediate interaction with the curth and ionosphere signal znvironment is noi only extraordinarily 
complex, but also insufficiently accurate for phase prediction. This inaccuracy is due partly to the 
assumptions and approximauons made to derive expressions for the field quantities and partly to the 
uncertainty in the physical values of yround/ion phere electromagnetic parameters. The other extreme 
is a purely empirical approach, in which only measurements of signal phase at fixed points in space and 
time are used: itis not reliable when exiesded veyoad the spatial and temporal specifications of the 
weasurements. Intermediate between these two types of models is the semi-empirical model, which 
combines all the esseruia! elements of signat propagation theory with aclual measurements of signal 
phase. A semi-empirical model is well-suited for Omega signal phase calculations, since it is 
substantially simpler and generally more accurate than a purely theoretical calculation and its range of 
application is much greater than a purely empirical model. 


Asmentionedin Seetien 9.1.1, the PPC is e predicted time- ane space- dependent quantity which, 
when combined wih a phase measurement, removes the complexities and non-linearities dur to 


Imeraction of the signal with the propagation cavironment, In ~ tye PPC transforras the 
Measured phase value into one that follaws the so-called “nom “se variation.” This 
means that ifatecerver records phase data at increasingly Gist | uitting stavion and 
the appropriate PPC is applied at cach point, the resultiag pliase wil» Ji distance with slope 


yeeen by the pomunal wave pamber Ta the nominal model ot phe. a .wion. the cumulative signal 
phase ts adinear Funcuen of distance trosa the Wansputuiog station for all possible receiver locaiions and 
times, The PVC model, thea, attempts tu charectenze the variation of the actsal (expected) phase fron 


the corigsponding Romina phase. 


Hecause the nominal phase makes up most (about yo) oo t Scumulative phase for typical 
paths, asiustatnd in big. 81-1, he PPC is a compar. iy si Mit, Warying fron shout --2.0 to 
+2.0cycles at 10.2 (2 and slightly more forthe highe: tio dene os. Thus,the PPC can be thought of as 
weomechou that uminates the “pertudsation” represented by the departure of the frug phase from ihe 
Honwal phase value, this peturbauve property has imivlieations for modeing (see Section Y.5), 
Besides having a rclatively cmpall moagnattude the PPC has a slow spatigl yaratien, compared ty the 


Hommibab phage (ace bay God) This property bas the very uiportant poacuical consequence that o PEC 


canbe aprbied wulour precise knowledss of posaben. Tn fact, i iis were nettin Case, Oreja could not 


Cumulative 
Phase 





Transmitting Distance from Transmitting Station 


Station 


Figure 9.1-1. Comparative Spatial Variation of Nominal Phase and PPC 


effectively be used as a navigation system, since precise knowledge of pcsition would be necessary to 
compute the PPC which, in turn, js used te compute position! Because of the relatively low sensitivity to 
spatial position. the PPC can be applied to measurements with position uncertainties as large as 65 km 
with practically no resulting position accuracy degradation. 


Keep in mind that the PPC 1s a predicte.? quantity and thus, when combined with an actual phase 
measurement, does not always remove the phase nonlinearities due to propagation effects These 
imperfections lead to PPC errors ut phase prediction errors in which combination of the erroneous PPC 
und the phase measurement iesult in an incorrect nominal phase value that, ia tum, produces 
navigation/position errors. An exact PPC differs from the usual PPC definition in that itis the result ofa 
measurement of actual signal phase (c.g., at a monitor site) subtracted from the nominal signal phase. 
Thus, in Fig, 9.1-1, the curve marked Total Phase is the predicted pase when the PPC curve (shown 
along the buttor axis) is predicted, but the Total Phase is the observed phase when the PPC curve 
is eXact. 


PPC mocels are structured to represent the predicted phése varianic 1 (from tie nyminal phase) CF 
a tansmilicd signal ata given pontin space and time as a dcuble sum of incremental phase values. First, 
the path over toe cath, between the transmitter and receiver, is broken into path segments, avout 65 km 
indength, The incremental phase variation at each segment is expressed es a sum cf Ca. touent phase 


val. Wows dug te various clecuamugnetic/aeophy sical elects, such as ground corductisigy and relative 


sun angle. These component phase variations, defined as sub-models, are products of mathematical 
functions (functional forms) of the governing parameters (such as geomagnctic bearing angle) and 
linear modei coefficients. The total phase variation for a path is the sum over the incremental phase 
variation at each segment of the path. 


The mathematical functions specified by each sub-model are approximate representations of the 
analytical/observational behavior of the phase as obtzined from theoretical calculations or experimental 
results. These calculations are based on an important class of full-wave models, known as 
waveguide-mode models, in which the signal field is expressed as a sum over the modes of the 
waveguide. In most cases, the “dominant” mode is the lowest phase velocity transverse magnetic mode, 
which is usually known as Mode 1 (see Chapter 5). Except for signals that propagate over very short 
paths or along westerly d:rected nighttime paths, the Mode 1 component usually dominates the total 
signal behavior at Omega frequencies. It also happens that Mode | signal phase behavior (in terms of 
quantities such as ground conductivity and geomagnetic field components) is much simpler than that for 
higher-order modes, For these two reasons, the functional forms used in PPC models are approximations 
to the Mode 1 behavior derived from waveguide -mode models. This is an important point, because it 
implies that, where (in both space and time) Omega signals are not adequately represented by Mode 
1-dominated behavior, PPCs cannot be applied. This is the principal reason why signal coverage 
products (see Chapter 10) portray ‘modal’ regions and times (those for which the signals from a given 
Station are not expected to be dominated by Mode 1 behavior) as unusable for Omega navigation, 


Because Omega signal phase on a transmitter-receiver path differs dramatically between 
path-night and path-day, the functicnal forms for the sub-models are separately specified for “local 
maximum day” and “local maximum night.” This means that separate functional forms are obtained as 
approximations to waveguide-mode model calculations for short paths in which the local ionosphere has: 

* Minimum Effective Reflection Height -- corresponding to local maximum day, 

when the sun is directly above the local ionosphere 
© = Maximum Effective Reflection Height — corresponding to local maximum night, 
when the sun is directly above the antipode* of the local ionosphere. 
* or intermediate times (or, equivalently, sun angle), a linear combination of the Jocal maximum day aad 
Jocal maxinium night sub-mcdels are invoked. The linear cembination is implemented through 
jaterpolation or evolution functions Cat depend on several parameters in addition to sun angle. The 
character! stics of these funcuons are tuportant, since phise can change rapidly over periods of less than 


aol tnout, 





*Pornt on toe cart) opposite to (turough the center of the earth) the point in question. 
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As defined above, a sub-model is the product of a functional form (one or more mathematical 
functions including the domain of application) and a linear model coeffirient. The linear model 
coefficients are not known a priori and are inserted into the semi-empirical model framework to 
partially account for the errors incurred in approximating the full theoretical model structure. Thus, for 
example, if the linear dependence postulated by the semi-empirical model were completely correct and 
in full agreement with noise-free measurements, the coefficients would all be unity (or a single, fixed 
number). Because the linear model does not fully describe the phase variation in terms of the 
geophysical] and electromagnetic parameters in the signal propagation environment, the linear model 
coefficient set is not characterized by a single number and must be determined through calibration, 
Model calibration consists of determining the appropriate linear model coefficients (and, in some cases, 
embedded nonlinear parameters) that best “fit” a large number of phase or phase difference 
measurements recorded at Omega monitor sites throughout the world. Thus, although it is structured by 
theoretical principies, the serni-ernpirical PPC model is strongly “data driven,” which heightens the need 
for high-quality data in the calibration, When fully calibrated (i.c., when all coefficients are 
satisfactorily determined), the model performance is measured by the RMS phase prediction error over 
measurements both inclusive and exclusive of those used in the calibration, If the model is sufficiently 
robust, i.e., if the calibraiion data represents a suitable cross section of the expected operating 
environment, the test performance will be comparable to the calibration performance. 


9.1.3 Historical Development of PPC Models 

The importance of PPCs was recognized from very early in Omega's history. J.A. Pierce was the 
first to propose simple corrections based on day/night considerations (Ref, 2). The Naval Electronics 
Laboratory (now known as Naval Command, Control, and Ocean Surveillance Center (NCCOSC)) 
began an extensive theoretical and experimental investigation of Omega signal propagation prediction 
in the 1960s, which laid the groundwork for a semi-empirical Omega phase prediction model. 
E.R. Swanson of NOSC led the development effort which resulied in a model based on path 
segmentation and wavepuide-mode theory (Ref. 3). A rudimentary form of the mode] was produced in 
the late 1960s but the first widely disseminated model documentation appeared in 1974 (Ref. 4) after the 
U.S. Coast Guard had taken over responsibility for Omega system enginecring, operations, and user 
support, In 1980, 4 major re-calibration of the 1974 PPC model structure was undertaken using 
three- frequency data acquired from a global distribution of monitor sites (Ref. 5) The only major 
change to the model structure was the addition of a long-term time sub-model. This sub-model was 
intended to capture thy effect of assumed ionosphere “hardening” (increased tonization) by a fixed 


percentage increase cach yeat (due te a corresponding growth in industud emissions) thus leading toa 
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long-term exponential increase in phase variation. By 1989 this sub-model had exceeded the projection 
of its calibration time frame (Ref. 6), i.¢., continued use would have lead to increased, rather than 
reduced, phase prediction error. As a result, the Omega community was notified that the sub-model 
should be effectively deleted (Ref. 7). 


The PPCs based on the 1980 PPC model calibration showed a significant improvement over 
those of the 1974 model. However, subsequent usage and experimentation revealed some shortcomings 
in addition to those that may be duc to the predicted long-term year-dependent variation. Most of the 
reported large errors resulting from the model's predictions were associated with transition paths, i.c., a 
sunvise/sunset terminator lics between the transmitter and receiver. The source of these large errors was 
found to be in the specification of the sunrise/sunset phase onset time. In other words, all-night or all-day 
phase behavior (for a given path) changes relatively litde, but if the pat! is undergoing sunrise or sunset 
transition, the changes in phase can be large and sudden, An error in specifying the time of onset for 
these changes can lead to large phase errors during and beyond transition as shown in Fig. 9.1-2, The 
transition onset time specified by the 1980 PPC Model is believed to have a large uncertainty because: 


e = =No explicit transition sub-model! with calibration coefficients is invoked 
© No transition phase data was used for model calibration, 
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Because of these limitations in the 1980 PPC Model, the Omega Navigation System Center 
(ONSCEN) initiated an effort to develop anew PPC model structure. The result of this effort is referred 
to as the 1993 PPC Model. itis specifically tailored to fit observed transition (where the path is part night 
and part day) phase profiles through the use of sunrise/sunset onset/recovery time parameters (Ref. 8). 
The 1993 PPC Model has been calibrated for 10.2 kHz signals using mostly 1988 data from 16 monitor 
sites uniformly distributed over the globe (Refs, 10 and 20-26). Though based on a set of path-limited 
measurements, the calibration results give preliminary indications that the 1993 PPC Model is accurate 
and robust. 


9.1.4 Use of PPC Models 

A candidate PPC model/al gorithm undergoes rigorous testing and evaluation and, if successful, 
is authorized by ONSCEN for use by the general public. The existence of anew PPC model is generally 
communicated through informal channels, e.g., papers presented at the International Navigation 
Association (formerly the Internationa] Omega Association; see Chapter 2) or af navigation-oriented 
symposia. Upon request, ONSCEN provides a package containing a documentation of tiie PPC 
inodeV/algorithm, a hard copy of the source code, copies of the executable and source codes in magnetic 
medium, and a program user guide (Ref. 27). 


Omega receiver manufacturers make up an important segment of PPC model users. The 
manufacturers’ sofiware engineers normally revise the algorithm only to the extent that the code “fits” 
the particular compuiing environment used by the receiver/processor. For example, the spatial 
recolnuon of the ground conductivity map may be reduced due to data storage requirements or an 
exponential-type functional forni may be approximated by a piecewise linear function. The basic 
structure of the algorithm is usually unaffected by these changes, however. 


9.15 Outline of Chapter 


The basic concepts involving cumulative phase and distanc- over the earth are outlined in 
Section 9.2, This section includes a discussion of the norninal phase model and multi-frequency PPCs. 


Section 9.3 presents an overview of the generic structure of the PPC model. The description is 
intentionally general, making it applicable to most, if not all, PPC models in use, Included in this section 
are the structural components of PPC models, including sub-models, path domains, and time 
dependence, 


PPC model calibration 1s covered in Section 9.4. This section covers date preparation, linear and 


nonlinear mode) parameter determination, and model performance. 
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A more detailed description of PPC model structure is included as an appendix in Section 9.5. 
This section addresses the physical basis for a generic PPC model and the technical issues involved in its 
developinent. 


Section 9.6 contains problems related to the material presented. Both sample problems (with 
solutions) and problems to be solved by the reader are given. 


Abbreviations and acronyms are briefly defined in Section 9.7. References called out in the 
Chapter text are listed in Section 9.8. 


9.2 BASIC CONCEPTS 


Omega propagation corrections (PPCs) are those predicted phase values which, when applied to 
the Omega signal phase measurement, provide a linear phase versus distance relationship. The 
relationship of the “true” signal phase to the measured signal phase is explored in Section 9.2.1. The 
PPC is acomputed quantity that provides an estimate of the actual received phase at a given location and 
time with respect to areference, or nominal, phase. The norninal phase model is described in more detail 
in Section 9.2.2, The PPC is described in terms of the “true” and the nominal phase values in 
Section 9.2.3. 


9.2.1 Signal Phase and Laning 
Given that an Omega transmitting station generates a signal at a precisely controlled frequency, 


ie., A sin(2mft) ; [A = amplitude f= frequency; t = time], 
then the signal observed at some distant point is given by 
B sin (2x(ft - $)) 5 [ = phase] 
where IBI < IAI. For a piane electromagnetic wave having a source at r = 0, the phase is given by 
¢=k:r[k = wave vector ; r = position vector ]. 


The magnitude of the wave vector is called the wave number and is equal to the reciprocal of the 
wavelength (A)*, ie., 


| k | = wave number = 1/A (9.2-1) 


*An alternative definition of the wave nurnber used in many texts is k = 2f/c = 2n/A. 
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The electromagnetic field of the Omega signal propagates as shown in Fig. 9.2-1 in the comparatively 
thin shell (about 0.01 earth radius) between the earth and the ionospheric D-region. Thus, the wave may 
be treated as confined to the surface of a spherical earth, so that, between two points on the surface, the 
wave travels along the arc of a great circle. In the plane of the great circle, only a single angular 
coordinate is required to define the point of phase measurement and corresponding we"'s number, so that 
the phase is given by 


@ = kg rg (kg =angular wave number ; ry = 8 Rg J (0.2.2) 


where @ is the angle (in radians) subtended by the transmitter-receiver path at the center of the earth and 
Rg is the earth’s average radius. A similar expression is obtained for the phase of a signal propagated 
over a non-spherical (e.g., sphercidal) earth. 


The expression for phase, given by Eq. 9.2-2, is sometimes known as the cumulative phase. 
Thus, for example, if the wavelength is 30 km and the distance from the transmitting station is 3015 km, 
the cumulative phase is 


¢ = (1/30) (3015) = 100.5 cycles 


G-32141 
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lonospheric D-Regiv- 


Figure 9.2-1_— Idealized Propagation Environment for Ornega Signals 
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The cumulative phase is composed of an integer part (100 in this example) and a fractional part (0.5 in 
this example). Since cycles of a single-frequency wave “look alike,” an Omega receiver cannot directly 
measure the whole number of cycles developed by the wave over the path from the transmitting station, 
i.e., the integer part of the cumulative phase.* Thus, in the above example, an Omega receiver would 
measure 0.5 cycle (or, equivalently, 180° or 7 radians) but the same measurement would result if the 
integer part of the cumulative phase were 2, 87, or 234 cycles. This can be illustrated by noting that the 
received signal is alternately expressed as 


B sin (2a(ft + n +a)) = B sin (2x(ft + @)) 
for any integer value of n. These findings may be summarized by noting that 


e  Interms of wavelength, the cumulative phase is composed of an integer part (whole 
number of cycles) and a fractional part 


¢ The Omega receiv’: measures only the fractional part of the cumulative phase 


e — Since the total cumulative phase is important for navigation/positioning, the integer 
part must be obtained from external information. 


The external information referred to includes approximate knowledge of the transmitting 
station-receiver path distance or, in the case of moving receiver, precise knowledge “the transmitting 
station-receiver distance at an earlier time. 


If a marker is made at the station and at each wavelength on the station-receiver path, the spatial 
intervals between markers serve to define lanes, over which the phase varies from 0 to 27 radians (see 
also Chapter 4), More generally, a lane is defined as the largest spatial interval (a signal wavelength, in 
this case ) that can be unambiguously related to a difference in phase measurements ata single frequency. 
Over the two-dimensional surface of the earth, these Janes form annuli, one wavelength wide, that are 
centered at the transmitting station. Lanes can be numbered or otherwise identified so that the problem 
of determining the integer part of the cumulative phase is equivalent to the problem of determining the 


appropriate lane. The uncertainty regarding the integer part of the cumulative phase is known as lane 
ambiguity. 


Asan example of the application of PPCs, consider two successive measurements of the phase of 
a transmitting station signal using a receiver attached to a moving vehicle (see Fig. 9.2-2). Suppose the 


*In principle, one could infer the number of cycles from the pulse envelope arrival time measurement 
{assuming the Omega receiver is time-syne ionized to the station timing standard) but, because of the 
narrow bandwidths involved, the measurement is very imprecise. 
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Figure 9.2-2 Application of PPC’s to Two Phase Measurements 


two raw phase measurements are labeled @,,@~ and that @, is made when the vehicle is at distance 7, 
from the transmitting station and ¢, is made when the vehicle is at distance r from the transmitting 


station, When the appropriate PPCs (which are functions of position and time) are added to each raw 
phase measurement, ie., 


$) =P, + PPC, ; py’ = G2 + PPC, 
the resulting phase change is proportional to the change in distance from the transmitting station, i.e., 
G2) ~ G)' = kr, — 1). (9.2-3) 


The proportionality constant k is the wave number, defined by Eq. 9.2-1. In general, the raw 
phase measurements, @, and @,, do not have a difference which is proportional to the the station range 
difference, r, — r,. If the range difference, r, — r,; does not exceed a wavelength, there is no lane 
ambiguity, and no external information is required. The relationship expressed by Eq. 9.2-3 permits the 
straightforward application of navigation or position-fixing procedures (see Chapter 4). 





9.2.2. Nominal Model 


The reduction of the phase measurement to a linear function of distance can be traced back te the 
lime when navigational charts were used for manual plotting of Omega lines of position (lines of 





constant phase difference between two stations’ signals). It is much easier to plot these lines of position 
(LOPs) if the phase (difference) is linearly related to the distance (ditference) from the transmitting 
station. The particular wave number used to construct the charts is known as the “nominal” wave 
number, which is simply the ratio of the cumulative “idealized” phase developed by a signal to the 
distance over which the signal is propagated. 


In free space (a vacuum with no other interactions), the wave number is given in terms of signal 
frequency (f) by 


ko = fie (9.2-4) 


where c = 2.99793 x 105 kmi/sec is the speed of light (in vacuo). The nominal wave number is given in 
terms of kp as 


which is an intermediate value between observed night and day 10.2 kHz wave numbers* on seawater 
paths. For modeling purpose.., the numerical value of the nominal wave number is not critical; itis only 
important that the value be “near” the average over ali time and space conditions. As a practical matter, it 
is important that all navigation algorithms used in conjunction with PPC algorithms use the same value 
of kygy for the assumed nominal wave number. Reference 19 supplies information regarding the origin 
of the numerical value of kyow/Ko. 


Note that the nominal wave number depends only on frequency (through Eq. 9.2-1) and is 
independent of space and time or any other parameter. In the example leading to Eq. 9.2-3, the fixed 
wave number k has a value equal to Kygyy. Table 9.2-1 lists the nominal wave numbers for the common 
Omega frequencics. 


Table 9.2-1 Nominal Wave Numbers for the Common Omega Frequencies 


WAVELENGTH NOMINAL 
les ae (LANEWIDTH) | WAVE NUMBER 
(km) (kin!) 


0.03394 


rt 


27.1305 0.03676 
26.4523 0.03771 
22.0436 








*kvom is actually much closer to the average day wave number; this is the basis for the laning pro- 
cedure discussed in Section 9.4. 





The nominal phase is a cumulative phase defined as 
yom = Knom D (9.2-5) 


where D is the distance between transmitting station and receiver over the earth. D is usually computed 
with a fair degree of precision since the nominal phase makes up about 99% of the total cumulative 
phase. As a result, D is computed as the transmitting station-to-receiver distance over an ellipsoidal 
model of the earth.* 


9.2.3. PPCs as Corrections to the Nominal Model 

With the cumulative phase (@) and nominal model as described above, the PPC at position, r, 
time, t, and frequency, f, is given by (the origin of the coordinate system is assumed to be at the 
transmitting station) 


PPC (r,t) = Gyom OA) — 6 Ot) (9.2-6) 


where the nominal phase is given by Eq. 9.2-5. Note that, for a fixed frequency, the PPC and the 
measured phase both depend on the vector position coordinates (indicated by r) and the time, t, whereas 
the nominal phase depends only on the range, D, over the surface of the earth from the transmitting 
station. For a spherical earth, the range, D, is given in terms of |r | and the earth’s radius, Rp by 


D = 2 Rg arcsin(Ir!/(2R 5) 


Since the nominal phase accounts for about 99% of the predicted phase, the PPC has a typical magnitude 
between ~2 and +2 cycles. The PPC is usually specified to a resolution of 0.01 cycle (centicycle (cec)), 
which is well below the PPC accuracy (5 to 12 cec) and is on tie order of the phase resolution of most 
receivers. This resolution also corresponds approximately to the system synchronization error (1 cec ¥ 
1 psec at 10.2 kHz). 


As noted in Section 9.1.2, the PPC is usually defined as a predicted quantity, so that the 
cumulative phase, @, appearing in Eq. 9.2-6 is the predicted phase. If @ is chosen to label the observed 
phase, then the PPC, defined by Eg. 9.2-6, is exact. Of course, when an observed value of ¢ is used, the 
integer part must be obtained from external sources. 


In contrast to the nominal phase which is computed using the norninal model described in 


Secuon 9.2.2, ihe eapecied phase is obiaified fioin a Very Compicx model described in Section 9.3. This 


Ti0ca i cuion 


© 





*A reference spheroid, such as WGS-72 or WGS-84, is commonly used. 











model accounts for the various electromagnetic/geophysical properties of the earth and ionosphere 
which influence the wave propagating between the transmitting source and the receiver. In this model, 
as in the real world, the properties of the path are not constant but vary along the path, i.e., the path is said 
to be inhomogeneous. Since the wave number, k, depends on the electromagnetic properties of the 
earth’s surface and the ionospheric D-region (which serve to reflect VLF waves), k also varies along the 
_ path. Thus, for a real, inhomogeneous signal path, the expression for the cumulative phase is given by 


= | k(t) ds (9.2-7) 
Cc 


where r is the position vector for some point on the path and ds is an element of path length. The 
integration contour, C, corresponds to the signal path over the surface of the earth between transmitter 
and receiver. If the wave number is constant over C, then Eq. 9.2-7 reduces to Eq. 9.2-2. For real paths, 
the wave number is most strongly influenced by the local i!lumination condition of the ionosphere, i.e., 
day or night. If the point on the surface of the earth identified by position vector r is in local day (i.e., the 
sun is a few degrees below the horizon to directly overhead), then k is normally slightly smaller than its 
nominal value. For points on the path in a local night condition, kis larger than its nominal value. Other 
local parameters, such as ground conductivity and certain components of the geomagnetic field, also 
affect k but to a smaller degree. 


Figure 9.2-3 shows a typical diurnal (24-hour) observed phase profile (measured with respect to 
a precise time or frequency standard) in which the path illumination conditions, nominal phase, and two 
sample exact PPC values are identified. The figure illustrates the higher (retarded) phase during path 
night and the lower (advanced) phase in path day with a total diurnal shift of about 0.65 cycle. Since the 
phase is a function of effective ionospheric height, which varies with the relative sun angle (solar zenith 
angle), the observed phase exaibits a “‘bowl-shaped” profile during the day with less variation at night. 
The phase profile changes from day (night) to night (day) behavior during path transition when the 
sunset (sunrise) terminator cuts the path. The figure illustrates the time independence of the nominal 
phase and the consequent time dependence of the exact PPC values. Note that if the observed phase 
profile shown in the figure were the same as the predicted phase for all 24 hours, then the exact PPCs 
would be identical to “regular” PFCs, since the PPC, or prediction, error is zero. 
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9.2.4 Applicability of the PPC Model 
Although the model for the expected phase (known as a PPC mode) is fairly comprehensive, it is 
limited to certain signal path propagation conditions, including 
e  Short-path propagation, 1.e., the signal must arrive at the receiver via the shorter of 
the two great-circle arcs joining transmitter and receiver 


e Mode 1 dominance, i.e., the signal behavior must be effectively described by the 
‘signal's Mode 1 component (in a waveguide-mode model of VLF signal 
propagation (see Chapter 5)) 


e  Off-path effects, i.e., the signal must not be significantly influenced by geophysical 

conditions laterally displaced from the short great-circle path. 
The first condition is frequently violated when the receiver is west of the transmitting station and the 
short-path is fully illuminated by the sun. The second condition holds for most daytime paths (except for 
very short paths (<1,000 km)) and easterly propagating nighttime paths. The condition is nearly always 
violated for westerly propagating nighttime paths transiting the geomagnetic equator. The third 
condition holds for most paths and times except, for example, those for which the path and terminator 
cToss at a very shallow angle or the seawater portion of the path passes close to a low conductivity region 
(e.g., Greenland), 


The propagation conditions for which the PPC model is not applicable are identified by miodern 
signal coverage products described in Chapter 10. Since the PPC model computes corrections for any 
given path and time, these coverage products should be consulted to determine the usable signals prior to 
calculation of PPCs. 
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VAs Mulll frequency PECs 


The stanture and foun of a PPC tedel usually apply to more than one Onicga signal frequency. 


with observed dala (al slows them to be highly dependent un frequency. Other embedded, nonlinear 
tiodel parameters alay generally depend on frequency. ‘Thus, although a calibrated PPC model/ 
alyorthin usually refete tu a fiequency-specific object, a fully callbrated model is a generalized 
algertiin that applies tu ture than une frequeney, More importantly, a fully calibrated model is 


Druting the development of Ceacga, trode) calibrations have been petlormed at a single 
Fequeny and the resulting cucficicnls presented. Por example, the PPC model developed in 1971 
(Hef Apwanre calilvated in PY /0 (Met Yat 10.2 Reusing data from mention altes inthe Mediterranean 
Ieglen Giieluding sauthern hutupe and northern Attica) Although this re-calibration jmproved the 
acutay of the 102 RPC relative to those predicted by the 197 model, it did litle to improve 
decutacy Fup teal eeeed sda ay atone whish dae cumbined phase Information at (wo or more of the 
Culidiivn Onicgs Sghal fequencigs “This ds because the 1977) PPC model was calibrated at three 
fvquencica (10.2, Hy, end 1 S.GkHH2) on cascitially the sane database, Moreover, certain relationships 
between the PECs af the dige frequencies were enfored inthe calibration, so that, for example, 
prediction enor at lO 2 He Clon a given tine and Jogation) are partially “cuinpensated™ by prediction 
cree al the vlliee (vu equenc des, 


Avan csaiple of a technique that combines muld frequency phine Information, consider a 


Independently Gg. days different datubasca) — Siroiary, Ue the 102 bis PPCe ate changed 
Chapreved ) without changing the other frequency PCa, the combined frequency accuricy will be 
Henlted by the predictiun accuracy of the moat poorly predicted of the other frequency Cn, 


A second caomple of a tequency combining plore processing aystens ty Composite Omegit 
(Meld) With techotque, ecompoatte plane value by computed ay a ined combination of 10.2 and 
PVG Re algnal pling memurcients, ‘The cumposlte phase value has the advantage that its diurnal 


ze robes’ A ewe ease ein se OU wale wiles abe tel oA LOD be cece eye EEE capers beet 
(au) night) phase abetiin very aia mined tim ie 0 Gait he nt I hicgucncy diPercnve ahift, 


Hecate fanny of the cally Qriepa tecedver micchantzations used a composite phase technique, the 


muh frequency PPC model calitiations (97 bP and 1980) cnvured that ho error was Introduged by the 


vi/ 


PPCs into the composite phase value. Single-frequency PPC model calibrations do not maintain the 
composite phase invariance. 


Based, in part, on the above reasons, it is preferable to perform multi-frequency PPC model 
calibrations using primarily the same phase measurement database (paths and times). The size and 
diversity of the database, as well as the number of frequencies, is determined by the scope of the 
measurement program and other practical considerations. As a general rule, however, the greatest 
diversity in paths, times, and frequencies is the most desirable from the viewpoint of PPC model 
calibration. 


93 OVERVIEW OF PPC MODEL STRUCTURE 


The models used as the basis of PPC calculations have evolved with the increase in knowledge of 
VLF wave propagation effects and ionospheric processes, Diurnal changes were recognized from the 
earliest experiments as the principal contributor to phase variation on a fixed-length path. In the Omega 
Implementation Committee Report (Ref. 2), which served as the primary basis for development of the 
Omega system, a need and procedure were outlined for the development of diurnal phase corrections by 
means of ‘‘cornpensation graphs.” Later, the Navy Electronics Laboratory (now the Naval Command, 
Control and Ocean Surveillance Center (NCCOSC)) identified additional phenomena contributing to 
the variation of the phase from a fixed (path length- and frequency-dependent) value. Based on results 
from complex, thcoretical models of wave propagation, these effects were quantified and linked 
together within the framework of a semi-empirical mode]. This semi-empirical model was calibrated 
using recorded measurements of the signal phase from the relatively few Omega stations in existence 
prior to 1972 (see Chapter 2). In the 1970s, as new Omega stations were constructed and signal 
monitoring programs initiated, the database of phase and phase difference measurements was greatly 
expanded. Consequently, the PPC model was refined and re-calibrated several times during this period, 
although its essential semi-empirical character remained largely the same. Development of a PPC 
mode] is more than of academic interest, since the phase prediction (PPC) error is the largest component. 
of the Omega position error budget. Thus, in a very real sense, the semi-empirical model used to 
compute PPCs is a central determinant of Omega system accuracy. 


The essential features of PPC models have changed relatively little during the evolution of the 
Omega System and are not extraordinarily complex when reduced to a set of procedures, analytical 
expressions, and computational flows. However, the development of existing model structures, 
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including the rationale for path domains, temporal structure, and the relationship to full-wave 
waveguide-mode models of signal propagation, requires a lengthy discussion that may distract the 
reader from the basic ideas of phase prediction. As a result, this section presents a brief overview of the 
structure and computational flow for a generic PPC model, and the details of the model structure and the 
basis for its development are addressed in Section 9.5. 


Figure 9.3-1 illustrates the overall structure and computational flow for a generic PPC model. 
The figure indicates that the basic elements of the PPC model structure and computational sequence may 
be organized in terms of the following functional catcgories: 


® Path Definition — Sct-up of path between transmitting station and receiver and 
definition of path domains 


© = Sub-mcedel Classificuiion/Calculation — Assignment of sub-models ty the 
appropriate path domain 
e Temporal Modification —- Multiplication of excitation and phase velocity 


sub-models by evolution/diurnal functions that depend on time 


e PPC Calculation — Aggregation of modified sub-mode! contributions and 
syuthesis with reference and nominal phases to determine plis ¢ variation aid PPC, 
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‘These four functional categories of model structure and computational flow are described further inthe 


following paragraphs, 


As indicated In big. 93-1, definition of the algnal propagation path requires several inputs. 
“These inputs, which Include transmitting station and receiver coordinates and the algnal frequency (and 
for sume models, ime), determine how the path fs partitioned tu facilitate calculation of the predicted 


pase, 


Tur the Inhomogeneous pathy encountered inthe use of Omega slgonts, the predicted phi is 


over pall scgticnts, be, 


Y= DA Ar, (31) 


( 


where A, ithe Wave nuinber for segment (and 47; isthe length of the path segment, bipute 93-2 shows 
the segmentation for atyplead path, An individual segment, which ds shown in more detail In big. 93-3, 
is approatmuately OO havindength. Inthe end path reyions, only the ground conduc sity of the segments 
apecHied, alnee the Mode | wave Vectur le not influenced by the iopoaphere do these portions of the path 
(ace Section YS). For the mad path region, the local properties of both the cat's sunface and the 
J igplon of the lungsphere atthe seg inent’s lower and upper buundatics, respectively, ae apecihed, 
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Figure 9.3-3 Model of a Typical Path Segment 


The wave field associated with the transmitted signal and sensed by the Omega receiver interacts 
with the carth’s surface and tonosphere (the waveguide boundaries) in a way that depends on the relative 
position along the path, Path domains are those portions of the path that have similar wave-boundary 
interactions and, therefore, invoke the same sub-models. The domains are referenced by the type(s) of 
pUb-modely invoked therein, ic. 


® Ground-wave domain 
©  §=Excitation domain 


# = Phase velocity domain. 


As shown in Fig. 9.3-4, the ground-wave domain comprises the two end-path regions. [In some 
of the PPC Model literature, the end-path 2gion near the transmi ter is called the excitation region and 
the end-path region near the receiver cal 1 the de-excitation reyion.] Since, in thir domain, the wave 


wily interacts with the eaith’s surfac «+. lower boundary of the earth-ionosphere waveguide), the 
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Figure 9,3-4 Path Domains/Segmentation Corresponding 
to Unique Sets of Sub-models 


cotresponding sub-models depend only on ground conductivity. The size of the ground-wave domain is 
fixed in most PPC models but in the 1992 PPC model, the extent of this domain varies with the local 
illumination condition and frequency. This somewhat indirect dependence of the domain definition on 
time is expressed in Fig. 9.3-1 by the dashed arrow of the time input to the path definition. 


The excitation domain shown in Fig. 9.3-4 comprises that region of a path where the 
Mode 1-launched wave first (or finally) sets up the field structure that characterizes its general behavior 
in the earth-ionosphere waveguide. The nomenclature derives from the waveguide-mode model of VLF 
wave propagation in which a source wave is “excited” (to various degrees) in the earth-ionosphere 
waveguide. The degree of excitation depends on the signal wavelength and frequency, the size (height) 
of the waveguide, and the electromagnetic properties of the internal medium, and the boundaries of the 
waveguide, Thus, an excitation phase is said to be introduced in the propagated signal field where the 
wave first “sees” the ionosphere. Reciprocal arguments show that an excitation phase is introduced near 
both the transmitting source and the receiver. 


For the vast majority of paths used in navigating with Omega signals, the phase velocity domain 
constitutes more than 80 percent of the path. This domain corresponds to the mid-path region (sec 
Fig. 9.3-4) where the signai interacts with both the ionosphere and the earth’s surface. In this domain, the 








phase/unit path length is specified by the wave number, as in Eq. 9.1-3. The phase velocity depends on 
three parameters (which are, in general, coupled): ground conductivity, geomagnetic latitude, and 
geomagnetic bearing. Included in the phase velocity sub-models are those that describe the local wave 
number behavior in spatial regions with “anomalous” ionospheric height profiles, i.e., the auroral zones 
and polar caps. 


For each path segment in a particular domain, the sub-models appropriate to that domain are 
computed as the products of functional forms and linear modei coefficients. Functional forms are simple 
analytic forms that approximate the theoretical dependence of signal phase on geophysical arid 
electromagnetic parameters, such as ground conductivity or geomagnetic latitude. Linesr modei 
coefficients are introduced to partially account for the approximation and linearization error incurred in 
establishing the functional forms. The linear model coefficients are determined by comparing the 
expression for the model prediction with the observed phase data (see Section 9.4). 


Time dependence is introduced through those sub-models that characterize the time-varying 
ionosphere. Since ionospheric properties are required for sub-model calculation in the excitation and 
phase velocity path domains, only sub-models in these domains are modified to account for universal 
time, as shown in Fig. 9.3-1. Modification occurs through multiplication of the sub-model by the 
evolution/diurnal function. This function is effectively a means of interpolating between sub-models 
defined for “local maximum day” (sun directly over the segment) and “local maximum night” (segment 
at opposite point of the globe from local maximum day). The function depends on the local sun angle, 
known as the solar zenith angle (computed from the input year, month, day, hour, and minute) and certain 
non-linear parameters that arc determined from calibration/experimentation (see Sections 9.4 and 9,5), 


The sub-models for the ground-wave domain and the modified sub-models for the excitation and 
phase velocity domains are combined to produce the predicted phase variation for the input path, 
frequency, and time, as shown in Fig. 9.3-1.* To obtain the predicted cumulative phase for the path, the 
pliase variation is combined with the reference phase, which for some models is the free-space phase and 
for other models is the nominal phase (sce Section 9.1). The reference phase provides the principal 
information regarding the integer part of the cumulative phase in cycles. Note that the reference phase 
depends only on basic path information (transmitting station and receiver coordinates) and frequency. 
Finally, the PPC is computed as the difference between the nominal and predicted cumulative phase for 
the path/frequency/time. 


*Note that the phase velocity sub-models are multiplied by —1 priorto combining with other sub-models 
as shown in Fig. 9.3-1 and explained in Section 9,5, 
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9.4 PPC MODEL CALIBRATION 


The PPC Model, described in Sections 9.3 and 9.5, normally specifies the model structure, 
including the path segmentation, the types of sub-models used and where they are invoked, etc., but not 
the actual values of the model coefficients or embedded parameters. Comparison of the model with 
recorded phase measurements determines the numerical vaiues of the model coefficients/parameters. 


In this section, calibration of the PPC Model is explained by first outlining the overall calibration 
procedure. The nature and collection of the data that serves as input to the calibration procedure is then 
described. The model calibration itself is then presented as a three-step procedure: 


e Preparation of model calibration database 
e Implementation of the model calibration procedure 


e Evaluation of the PPC model performance. 


These topics are covered in general terms in the five sub-sections below. 


9.4.1 Specification of Model Calibration Procedure 


The basic idea of model calibration is to adjust certain free parameters/coefficients so that the 
predicted phase “best” matches the observed phase. Recall from Section 9.2.3 that the principal aim of a 
PPC model is to accurately predict the observed phase for a given path/time. Thus, if ¢ (path,time) is the 
observed phase for a given path/time and (path,time) is the predicted phase, then, in ge..eral, 


(path, time) = (path, time) + v(path, time) (9.4-1) 


where v is the prediction, or residual, error for the path/time. The “best” @ is one that minimizes the 
function 


MF= ) lvP= > 1¢-@P 


path/time path/time 


where the sum is over all path/times in the calibration database. If fis taken to mean a vector of observed 
phase values (for a given collection of path/times), @ is the corresponding vector of predictions, and v is 
the associated residual error vector, then the minimization function, MF, may be written 


MF = yl y = (¢ 2 é) (¢ 2 é) (9.4-2) 
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The predicted phase vector may be written 


=H (21,2) C+ Gq (9.4-3) 


where H is the measurement matrix, Z,, Z, . . . are embedded (usually non-linear) parameters, C is the 
coefficient vector, and @g is the free space phase vector. The elements of H are functions of the path 
parameters and time, in addition to the embedded parameters. In contrast, the elements of the free space 
phase vector, @, are a function only of signal frequency and path length. The objective of calibration is 
to choose the parameters z), Z2, . . . and the coefficient vector, C, so that 


MF = (¢ - (HC + bo). (¢ — (H C + $5) (9.4-4) 


is minimized. Since H’s dependence on the embedded parameters is highly non-linear, there is no simple 
analytical schemetofindthe z,, Z,, . . .thatminimize MF. Normally, these parameters are determined 
using a combination of physical considerations and comparison of phase predictions (using candidate 
sets of reasonable parameters) with observations under the same conditions. 


For a given set of embedded parameters, the coefficient vector, C, can be determined as a least 
squares estimate, i-e., one that minimizes Eq. 9.4-4. The form of the weighted least squares estimate for 
Cis 

C=(H7RTRH)  HTRTRG (9.4-5) 


where R is a diagonal weighting matrix associated with the observation vector @, In response to achange 
in the embedded parameters Z), Z,,... , the measurement matrix, H(z), z2,... ) changes, C changes as 
prescribed by Liq. 9.4-5,and the predicted phase, d, changes in accordance with Lq. 9.4-3, 


9.4.2 Description of Phase Measurement Data 


The observational data employed in PPC Model calibration generally comprises fixed-site 
measuremeuts of signals from Omega transmitting stations. These measurements are of three kinds, 
depending on the type of reference oscillator, or clock, associated with the signal receiving system: 

(1) Phase data referenced to a highly stable clock (such as acesium frequency standard) 

and phase-synchronized to the Omega station signals 
(2) Phase data referenced to a highly stable clock (such as acesium frequency standard) 


(3) Phase difference data, i.e., differences in signal phase between pairs of station 
signals accessible to the receiving system. 
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Type 1 data is available at only a relatively few sites where external equipment, such as 2 cesium 
frequency standard and a satellite signal receiver are available to maintain phase coherence, Phase 
synchronization can be maintained tarough external means because the signal waveform transmitted by 
each Omega station is synchronized (approximately) to Coordinated Universal Time (UTC), which 
serves as areference for most high-precision standards and navigation satellites. This type of data is the 
only source of phase error (observed phase — predicted phase) information over a single station-to- 
receiver path. Type 2 data, which is somewhat more common than Type 1 data, permits analysis of single 
path diurnal phase behavior (since it is referenced to a stable source), but not single-station phase error, 
Signal receiving systems are limited to phase difference (Type 3 data) measurements when no highly 
stable reference (better than one part in 10!) is available. For data of Types 2 and 3, only the difference 
in single-path phase error can be used for model calibration, 


Since receiving systems providing Types 2 and 3 data are less sophisticated and require less 
attention than those providing Type 1 data, most of the data used in calibrations of PPC models have been 
of the phase difference type. These types of measurements are less desirable than Type 1 measurements 
providing single-path phase data, since they are inherently noisier (incorporating day-to-day 
fluctuations (at a fixed hour) ontwo paths) and reduce observability by subtracting modeled phenomena 
common to the two paths. Some Type 1 data has been used in PPC Model calibrations prior to 1990, 
although it has been extremely small compared to the phase difference component. In contrast, however, 
the Type 1 data used for the 1993 PPC Model calibration accounted for more than 50 percent of the 
calibration database. 


An important source of Type 1 data is the network of monitors associated with each Omega 
station, Like most of the Omega monitor receivers at remote (non-station) sites, the station monitor 
receivers are equipped with ory a medium-precision crystal oscillator so that only phase-difference 
measurements can be accurately made. For the station monitors, however, one of the paths is the very 
short one (15 to 50 km) from the local station to the station monitor. This path is so short that the phase is 
assumed to be well-approximated by the free-space phase (although recent measurements indicate that 
this approximation may be less accurate than previously assumed (Ref. 13)). Since the phase for this 
short path is assumed to be a known constant (independent of time), the phase difference data is easily 
adjusted to describe entirely the path to the remote station. Figure 9.4-1 depicts the locations of the 
current (1994) Type 1 monitor sites, including the 8 station monitors, Lower Hutt, New Zealand, and 
Pretoria, South Africa. Similarly, Fig. 9.4-2 shows locations of phase difference monitor sites that were 
operational in January 1987. 
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Figure 9.4-1 Site Locations for Type 1 Omega Monitors — 1988 


To establish the implicit parameters that govern many of the time-dependent features of the 
model, high time-resolution data is required. Historically, this data has been obtained from continuous, 
paper strip-chart recordings of phase or phase difference. This data permits detection and tracking of 
rapid changes in phase (phase difference) that may accompany the onset or recovery of path transition. 
Because this data is most readily susceptible to manual scrutiny, comprehensive analysis of all such data 
is impractical. 


The linear model coefficients can be systematically determined by means of a process often 
called “regression.” In this scheme, a relatively small number of coefficients (e.g., 20 to 60) are 
determined from a database consisting of several hundred to several thousand measurements. Inspection 
of phase measurements from a variety of paths suggests that data recorded at hourly intervals provide 
sufficient time resolution of the typical diummal phase profiles, while providing independent 
measurements. As a result, hourly data have served to provide the principal database for determining 
linear modcl cocfiicients since 1971. Tor cousisiency, these measurements ae recorded “on” the UT 


hour, so that they represent an average over a receiver time constant (typically 1 to 3 minutes). 
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Figure 9.4-2 Site Locations for Types 2 and 3 Omega Monitors — January 1987 


9.4.3 Preparation of Model Calibration Database 





When the data of the type described in Section 9.4.2 becomes available, preparation of the model 
calibration database can proceed. This preparation task is crucial to the model calibration procedure and 
involves a substantial effort, which can be broken down into three primary stages: 


Identification and screening of anomalous data 
Down-sampling and secondary editing of data 


Attaching appropriate lane number to data samples. 
Descriptions of these three stages follow. 


Identification and Screening of Anomalous Data — Since the PPC model is composed of 


sub-models that are based on short-path Mode 1 signal phase behavior. it is critically important to ensure 
that, to the extent possible, phase data used to calibrate the model result from measurements of 





short-path Mode 1 signals. The phase data must also result from measurements of signals whose 
signal-to-noise ratio (SNR) is high enough for adequate phase tracking. Signal data that do not meet 
these requirements are referred to as anomalous data and must be eliminated from the database to avoid 
corrupting calculation of the coefficients of the Mode 1-based PPC Model. 


Identification of anomaious data is difficult and, in many cases, requires an experienced analyst 
to evaluate individual diumal plots of phase or phase difference. For relatively small calibration efforts 
(e.g., 4 few hundred observations), such manual editing is feasible, but for larger efforts (e.g., those 
exceeding a thousand observations), the assistance of an automated procedure is necessary. For the 1993 
PPC Model, an Anomalous Data Identification (ADI) algorithm is used that employs both theoretical 
predictions of signal behavior and certain statistical descriptors (known as “data indicators”) of the 
observed data. Based on approximately one month's worth of phase or phase-difference data at a given 
hour and the two neighboring hours, ADI classifies the data as either normal or anomalous. If 
anomalous, the data is given a path quality assignment based on the the data indicators and the signal 
prediction appropriate to the path, as shown in Table 9.4-1 for single-path phase data. If conflicts arise 
between the data indicators and the path prediction, override tests are performed at neighboring hours to 
confirm the ebservational findings. 


Table 9.4-1 ADI Phase Data Indicators for Anomalous 
Path Quality Assignments 


a Di Criterion For Anomalous Path 
Data indicator (Dl) Anomaious Assignment | Quality Assignment 


Day-to-day standa-d deviation of Value > 10 cec Modal (Mode competition) 
phase at a fixed hour or Low SNR 


Day-to-day average phase (bias) | Value > 20 cec Modal (Higher-order mode 


error for path-night hours dominance or cycle slip) 


Slope of hour-to-hour phase profile | Sign of slope opposite to Long-path 
for path-day or mixed-path hours that predicted 


Day-to-day average SNR ata Value < -25 dB 
fixed hour 





Pown-sampling and Secondary Editing of Data — Averaging of selected data, such as that 
specified for several of the data indicators, is necessary to reduce the originally supplied database to a 
Manageable amount of information for the calibration software. Thus, it is not necessary to have the 
calibration database specify data for each day (ard all 24 hours), since the phase at a fixed hour changes 
little from day to day. However, there ts a slow change in phase throughout the year (at a fixed hour), so 
that, forexample, averaging he an} y phase over 60 days would eliminate much of the annual variation. A 
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compromise is generally taken to be 1510 30 days, although, for sume paths (long range paths traversing 
high latitudes), the ~hase change over these short periods Is alt 


For the calibration database used in the 1993 PPC Model calibration, the data unit isa 14-day 
(first half-month and second half-month) average of the data fur a given UT tout and ie assumed tu be 
representative of the observed data at the 7th and 22nd of each month, reapectively. The Variance of the 
data over the 15-day sample primarily indicates the day-tu-day Vanitivn, although a centaln amount uf 
long-term seasonal variation is unavoidably inghided. 


The data unit for the 1980 PPC Model callration database ds formed by averaging all data 
samples appropriate toa given path Hlumination condition, ‘Thus, for caample, forthe callbiatiun uf the 


the data unit is the average of all daytime path phase differences (and phase fore few adigle portlia) ala 
given monitor site, In the case of the 1980 PPC Model calitration, a daytline path ts one in Whleh the 
maximum solar zenith angle is less than about 74° (depending on freyuency, see Bectlun ¥.3.6 and 
Ref. 4). Prior to averaging, the predicted time dependence for day paths Gefeted fogs the aotinal 
illumination depression (NID)) is subtracted tu reference the date toa fixed, (ine Independent value. Th 
applying this procedure, the assumption is made that the time dependence be accurately kanewe (ftom 
previous regression results) so that no error dy intioduced into the “data” read by the callbration 
programs, Error that is introduced In this way may be mlatimdzed through an Merative proveas, Pur 


calibration of night linear model cucHiclents, the data unit is almitaly obtained as the ceaull uf all 


nighttime path is one in which the minimum solur zenith angle by greater then about y97, blnce the HBO 
PPC Model assumes ny time dependence for nlghtdine pate, the night calibration datw under gews te 
NID-lype processing prior to dapat ty the callbhation prog. Drarstion paths, be, dove path and 
times that do not conform ty the definition of daytime vt nightime pathy, were not inehuded inthe EY8O 


PPC Model calibration, 


Because of the extensive averuglog performed ty obtain a data anit in dhe PysO PPC Model 


hundred) and no further reduction is required. hor (he 99s PC Model cabbrtion, however, only the 
15-day fixed-hour averaging Is performed, so that the Gbacevation vegtur by eatienely: lage (10,000 tu 


20,000). For typical callbratlon diatibiscs, te vbacivaiion veeior Guniains about 230 1 a4 dane 
units/path, representing Observations at diferent Uines (hour/month/ialt month) ‘Phe meauenent 
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Bections Yd and 93. However, since the path is the same for these 250 to 450 rows of /, elements that 
ate veto Onidleating no comesponding conductivity level on the path) will not change, The important 
point is that, fora given path, by 9.4 Jepecifics a substantial number of relations that differ relatively 
Wile frumeachother Alinear system having this property exhibits serous instabilities in the calibration 
pracdure, The problem, known as eaccssive near-parallelisin, ds heuristically iNustrated in Fig, 9.43 
ful a space of (Wo cuetficlents, 


eosuly a stable aulution fur the cucfigients. The reduction is performed by “down-sampling™ the 
database decoding toapecific rules. Phe csscntiidideatetosclect asetof observation times foreach path 
Miche thatthe sult cenith ongles Qo coneaponding to cach tine inthe setapan the range of possible y as 
eulpletely and unlformly ae poudible, This ensures thot the rows of // fora given path will be as distinct 
(ur Independent’) ay posable. Ths down sampling procedure teduces the observation vector to a 
Hidtiageable alee (a few thousand). 


Por both the PY20 and TS PPC Model cabbrations, the calibration database at this point 
Uidergecs a aceon bevel wae sning for anomalous data. Although the fist-level screening eliminates 
AU fo YO percent of the anomalous data, the accond-level screening is necessary to remove 
Hiconsiten ies and questionable uate Deletion of all observations for agiven path effectively removes 
the pale frat thie path miied database represented by 77 (Lg. 94-3) and is therefure made only when 
the data belavier supporting itere noval is compelling, 


Hapedtant, atep in preparing the calibration database by the assignment of the correct lane number 


Linwar relations for distinct pale tia sal 


Hvar paratelen — &GeMulente accel 7 (01 fined ting) pat 
a 





a 





Lingar relationn for separate 
fines (@armno goett) 


Digtre 94-3 Mewiathe Wlostation af baccessive Nea-Parallelism Found 
In Temporlly Dense Calibridon Data 








(integer part of the phase) to the observed phase or phase difference. Laning arises because 
measurements of signal phase normally refer only to the fractional part of the phase. The integer part of 
the cumulative phase (lane) is almost never directly measured and therefore, theoretical predictions 
(assumed correct to within a cycle) are normally used. 


In some applications, the lane number associated with the signal phase is not critically important, 
but, for model calibration purposes, attaching the correct lane number to the fractional part of the signa! 
phase is absolutely crucial. This can be understood by noting that mislaning by a single lane is the same 
as injecting a 100 cec error into the data, thus significantly altering the computed coefficients and greatly 
increasing the RMS fit error. 


Normally, lanes (for the case of phase measurement) are counted as the number of free-space 
wavelengths (1/ko) or nominal wavelengths (1/kygy) from the transmitter to the receiver over the 
surface of the earth. The cumulative phase (see Eq. 9.2-6), measured in units of cycles or lanes, is thus a 
large number (100 to 600 for typical 10.2 kHz paths), whereas the scale of interest for PPCs is from about 
—2 to +2 cycles with a resolution of 0.01 cycle (centicycle). 


Moreover, the actual phase measurements provide information on only the fractional part of the 
cumulative phase, so that the integer part must be estimated based on knowledge of the free-space or 
nominal phase and other information. This estimate is combined with the known fractional part to give 
an estimate of the cumulative phase (correct to within an integer number of lanes). From this number, the 
free-space or nominal phase is subtracted, thus providing arelatively small number between about -2.xx 
and +2.xx cycles for use in calculating the linear model coefficients. 


The basic goal of laning, then, is tocorrectly assign the integer part of the cumulative phase to the 
measured fractional part. In all known laning techniques, the assignment is primarily based on the 
assumption that the nominal phase is a good approximation to the cumulative phase over daytime paths. 
For the 1980 PPC Model calibration, the lane assignment (closest to the nominal) is made for the daytime 
portion of the diurnal phase or phase difference profile and then tracked through successive differences 
to establish the lane assignment for other portions of the profile. The laning algorithm for phase data in 
the 1993 PPC Model calibration assigns the closest nominal lane for path/times having a maximum path 
solar zenith angle (MPSZA) of less than 70°. For path/times with larger MPSZA, the previously laned 
measurement that is “closest in time” (see Ref. 10) determines the lane assignment. The relative diurnal 
differences for phase difference data are generally smaller than for phase data, so that phase ditterence 
laning is more robust. The 1993 PPC Model calibration algorithm for phase difference assigns 


9-32 





“reference lane values” to cach of the paths in a given path pair, depending on its path illumination 
condition (day, night, or transition). 


9.4.4 Implementation of the Model Calibration Procedure 


As explained in Section 9.4.1, PPC models are calibrated by determining two types of 
parameters: linear model coefficients and non-linear embedded parameters associated with the time 


procedure, whereas the embedded parameters are determined by empirical means, 


The linear model coefficients are often referred to as the day/night coefficients since they 
provide a measure of the relative contribution of each sub-model for local maximum day and local 
maximum night (see Section 9.5). In the 1980 PPC Model calibration, separate calculations of the day 
and night coefficients were required since the corresponding day and night ditabases are entirely 
separate. Only a single execution is necessary for the day/night coefficient calculation in the 1993 PPC 
Model calibration scheme since the time dependence is included in the // matrix (see Lig. 9.4-3), 


Both 1980 and 1992 model calibrations determined coefficients that minimized the mican square 
residual error (sec Eqs. 9.4-2 and 9.4-4) and thus evaluated the expression, Hy, 9.4-5, forthe cocfficlent 
vector, C. For the 1980 calibration, the observation vector, , has only a few hundred elements (slice the 
time dependence was completely removed from the calibration input) so that the calculation of C ds 
straightforward, In the case of the 1993 calibration, the number of clements in @ ty about an order of 
magnitude Jarger so that calculation of Cis non-trivial, The major computational problems ts the mates 
inversion appearing in Eq. 9.4-5, With a database of about 2500 data units, the 1993 PPC Model 
calibration used a high-end workstation and an efficient SVD algorithm to calculate C, 


PPC model calibrations are usually performed for both weighted and unweighted measurement 
sets. The resulting calculations of C generally differ significantly only if the measurement dati is 
relatively scarce or if the distribution of weights falls into widely separate domains, The weighting bs 
implemented by use of the diagonal matrix K, appearing in Ly. 9.4 5. In the 198U calibration, the 
clements of the diagonal weighting matrix R™R were chosen to be the number of tueasurerents (at 
different times) averaged to obtain the calibration data unit. For the 1993 calibration, the clement. of the 
diagonal weighting matrix R are given by 


2 
Ri = (1-(ain(o, 15)/15) }o a , bm 1,2,..., a3 8 number of data units 
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where g, bs the RMS variation of the dally phase measurements (in cccs) frum a best-fitting Hncar ramp 
to the dally phase meayurements for the half-month/hour corresponding to the / data unit, my, is the 
funiber of unflagged dally measurements forthe ("data unit, mmas ty the maximum number of days in 
the half-month ‘This weighting reflects both the data variation over the diys of the half-month ata fixed 
hour and the relative number of measurements, 


Tn addition tu the ¢ ous euelticloms eal calimation variances are calculated to 
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theuretival Valucy (ace Ket, 8), 


In performing o calibration, His often necessy to fia (or “Sreeze") comin cocHicients and 
“Hon” other fee cocfhighents that are determined through the least-squares procedure and the chosen 
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coctfichents, The elements of the comeaponding reduced observation vector are then piven by 


where the in byover the dndices of the fixed cocthclent. The reduced veetur of free cv) fficients is ien 
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9.4.45 PPC Model Performance 


The performance of a PPC model is usually measured in terms of its predictive accuracy. For 
certain applications, other performance criteria, such as executable code size or algorithm processing 
speed may be importani or even critical, but for most applications, the correct prediction of phase is the 
primary performance issue. 


Recalling the discussion from Section 9.1.2, practical implementation of the PPC is possible 
only because the spatial variation of the PPC is small compared to that for the nominal phase. Thus, the 
PPC may be applied with little or no error with position uncertainties as large as 65 km. Usually this is no 
problem, since necessity of lane resolution limits the position uncertainty to well within 65 km; 
however, it does provide a practical lower bound for PPC accuracy (~0.1 — 1 cec). 


Compared to spatial variations, temporal variations of the phase constitute a much greater 
limitation on the PPC accuracy. The prediction degradation is not primarily due to noise (which also has 
spatial and temporal variations) but presumably to day-to-day fluctuations in the ionosphere. These 
variations are characterized by the standard deviation of the observed phase over about 15 consecutive 
days (nalf-month) at a fixed hour; this standard deviation is referred to as the random component of 
phase error, This component was computed as part of the 1993 PPC Model calibration (see Section 9.4.3 
and Ref, 10). The error in the predicted phase as measured using a stable, synchronized reference source 
at a known, surveyed monitor site for a given time is referred to as the bias error and is defined as 


BIAS ERROR = OBSERVFD PHASE — PREDICTED PHASE 


The bias error may be viewed as an average of the observed minus predicted phase values over an 
approximate 15-day period at a fixed hour. From this viewpoint, the random error is a measure of the 
scatter about the bias error (average value), assuming the predicted phase for a half-month is adequately 
represented by the prediction at the “mid-point” (7th and 22nd day of the month), 


Atmospheric noise at VLF originates primarily from lightning discharges associated with 
thunderstorms. These discharges act as “wideband” VLF radiation sources that propagate to long 
ranges, as do Omega signals. The noise sensed by an Omega user’s antenna reduces the effective 
signal-to-noise ratio (SNR) in the receiver's front-end bandwidth and causes an error in the phase 
dctected by the receiver. The phase error due to a finite SNR* is generally much smaller than either the 
bias or random components of the phase error as shown in Fig. 9.4-4. The data in the figure is derived 


*The relationship between phase error standard deviation and SNR is given in Ref. 15, Appendix A. 
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Figure 9.4-4 Phase Error Components for the 10.2 kHz Liberia Signal 
at the Norway Station Monitor Site — April 1988 


from hourly measurements of the 10.2 kHz Omega signal phase at a monitor site near the Norway station 
during April 1988. The bias error is computed based on the 1980 PPC Model predictions and the random 
error is the standard deviation of the set of approximately 30 measurements at each UT hour, The phase 
error due to noise is derived from concurrent SNR measurements, which effectively indicate the noise 


environment over a receiver time constant (1 to 5 minutes). The general property indicated by the figure 
is that 


BIAS ERROR > RANDOM ERROR >> ERROR DUE TO NOISE 


As a result of this property, the phase error due to noise is usually neglected in compilations of phase error. 


For the bias error, the RMS statistic is most commonly used for performance evaluation or 
comparison, although other statistics, such as mean error and relative fraction of “large errors” (e.g., 
those with magnitude greater than 20 cec) are also used. The random error is defined as a standard 


deviation so that it may be combined (in a root-sum-squared sense) with the RMS bias error to yield a 
total error. 
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Table 9.4-2 compares the phase prediction performance of several PPC Models as measured 
over several different databases. The figures in the table that indicate performance over the 1980 or 1971 
calibration databases are obtained from Ref. 5. The entries for the “selected MASTERFILE” database is 
from Ref. .4 and the performance figures for the 1992 calibration database are from Ref. 10. As noted 
in the table and in Section 9.4.3, the category of day paths includes those whose maximum solar zenith 
angle is less than about 74°.* Similarly, night paths are those having a minimum solar zenith angle of 
about 99°. 


The Pierce model contains only two sub-models (base velocity night and day) and the figures 
shown are based on the original phase velocity estimates (see Ref. 5) although two sub-1model fits to other 
databases yield slightly different coefficients and slightly improved performance figures. The 1976 
European “model” is really the 1971 model specialized to the European theater so that predictions in 
Evrope exhibit good performance (see Ref. 9) while the global prediction accuracy is low. The Megatek 
model (Ref. 17) is ahighly simplified PPC model but is unique in that it includes an empirically derived 
frequency dependence and an algorithm to reduce $1D-induced phase errors (see Chapter 6). With some 


Table 9.4-2 Performance Comparison of PPC Models on Day 
and Night Paths for 10.2 kHz Omega Signals 


RMS BIAS ERROR (cec) 
PPC MODEL DATABASE 
a 


Pierce (Approx.) | 1980 Calibration 
1971-NOSG 













1971-NOSC - 
1976 European 
1979 Interim 


1980-NOSC 


er rear, 


Megatek (Approx.) 


1980-NOSC Selected MASTERFILET 


1980-NOSC 1992 Calibration 
* Day paths are defined as those with a maximum mid-path solar zenith angle of 
less than about 74°, 


§ Night paths are defined as those with a minimum mid-path solar zenith angle of 
greater than about 99°. / 

+ Phase difference data samples (20,000-riay and 30,000-night) from a subset of the 
ONSOD MASTERFILE (1982) comprising 3 path pairs from each of 16 rnonitor 
sites; anomalous data removed, : 

















1980 Calibration 















*For path-pairs associated with phase diffcicnce ieasuiciiciils (accouiiting for iost of the data in 
Table 9.4-3), both paths must cet the maximum solar zenith angle requirement for day or the mini- 
mum requirement for night. 
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exceptions, the table shows that PPC model performance on day paths is better than that for night paths, 
reflecting the greater inherent instability of the nighttirae ionosphere, Jt is important to note that the last 
two sets of performance figures in the table include the additional scatter due to randor.. erro1. Thus, 
whereas the first seven sets of figures in the table include only a few hundred data points that represent 
average values over the appropriate illumination condition, the last two sets contain several thousand 
data points, corresponding to individual measurements. The difference in the 1980 PPC Model 
performance figures for the 1980 and 1992 calibration databases is accounted for by a 4 to 5 cec time 
variation of the observations averaged to form a data point in the 1980 calibration database. Time 
variations in this range were computed for the 1992 calibration database, 


The figures in Table 9.4-2, which apply mostly to phase difference measurements, indicate 
performance for day and night paths but exclude the illumination condition with the largest path 
population — transition. Although day, night, and transition conditions are roughly equally represented 
among single-path phase measurements, data involving transition paths (all paths not conforming to the 
day or night definition) make up a large fraction (about 75 percent (Ref. 16)) of all phase difference 
measurements. This is because, on average, a pair of paths occupies a larger longitude interval than a 
single path and is thus less likely to be contained within a day or night hemisphere. Thus, Table 9.4-2, 
like many of the carly papers documenting PPC model performance, does not indicate system 
performance over a representative set of illumination conditions. 


In contrast, Table 9,4-3 lists performance figures for measurement databases including samples 
for all illumination conditions, The data units specified in these databases are not time-averaged, as arc 
the data units in the first seven entries of Table 9.4-3, and include diurnal sampling intervals of 1 to6 UT 
hours. The database labeled “Magnavox” (Ref. 18) is a collection of 122 phase difference data units 
selected from a sample of 3 to 4 path pairs from each of 15 monitor sites (those in the ONSOD 
MASTERFILE in 1985) recorded #t 0000, 0600, 1200, and 1800 UT. The data unit consists of a 15-day 
(half-month) average of phase difference measurements recorded at one of these four UT hours, so that it 
does not include the full time variation implicit in the other figures in the table. The rather large RMS 
errors listed for this database riay be duc to the inclusion of anomalous measurement data that was not 
explicitly removed. For tue other entries in Table 9,4-3, the RMS prediction error is generally much 
greater than that given in ‘Table 9.4-2 because; 

¢ =$The prediction crror for measurements involving transition paths is substantially 

greater than for those involving all-day or all-night paths 


© When sampled uniformly over hour, the number of phase difference measurements 
involving transition paths is much Jarger than for other path illuminations, 
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Table 9.4-3 Performance Comparison of PPC Models Under All 
Illumination Conditions for 10.2 kHz Omega Signals 


PPC MODEL DATABASE RMS BIAS ERROR (cec) 
1980-NOSC Selected MASTERFILE* ae ae 


Magnavox$ 
1985-Magnavox 


- 1993 Calibration 














1993 


* Phase difference data samples (200,000 measurements) from a subset of 
the ONSOD MASTERFILE (1982) comprising 3 path pairs from each of 16 
monitor sites (all hours); anomalous data removed. 

$422 phase difference data units (each unit representing an average of 
about 15 measurements at a fixed hour) from a subset of the ONSOD 
MASTERFILE (1985) comprising 3 to 4 path pairs from each of 15 monitor 
sites at 0000, 0600, 1200, and 1800 UT; anomalous data apparently not 
moved. 


A direct comparison of the performance of the 1980 and 1993 PPC Models with respect to path 
illumination condition using the entire 1993 phase database is shown in Table 9.4-4. The first column 
lists the random error, which represents the time variation of the measurements over about 15 days at a 
fixed hour. The second and third columns show the 1980 and 1993 PPC Model results for RMS bias error 
and the total error, which is root-sum-squared combination of the random and bias errors. In this case, 
day paths are defined as those having a maximum solar zenith angle of about 98°, which, therefore, 
includes many paths classified as transition in earlier PPC Model documentation (e.g., Refs. 4 and 5), 


Table 9.4-4 Performance Comparison of 1980 and 1993 PPC 
Models by Path IHumination Condition Using the 
Entire 1993 Phase Database for 10.2 kHz Signals 


PATH RMS BIAS ERROR/ 
ILLUMINATION ERROR (cee) TOTAL ERROR (cec) 
CONDITION 1980 Model | 1993 Model 
5.0 10.2/11.4 7.0/8/6 


Transitiont : 14.4/15.7 9.2/11.1 
24-hour _5. 12.1/13.9 7.9/9.2 
* Day paths are defined as those with a maximum mid-path solar zenith angle 
of less than about 98°, 
5 Night paths are defined as those witha minimum mid-path solar zenith angie 
of greater than about 98°. 


aon paths are defined as those which are not classified as either day 
or night. 
























9:39 











Thus, the performance of paths satisfying the day illumination condition is reduced relative to that 
computed for the earlier day-path definition (maximum path solar zenith angle less than about 74°). Of 
the three path illumination categories, night paths exhibit the best performance since their phase profiles 
show the least temporal variation and the anomalous path/times (most commonly occurring during path 
night) are removed. 


The RMS error figures for the 1993 PPC Model are significantly lower than those for the 1980 
PPC Model partly because the 1993 Model was “fit” to a subset of the database* for which the 
performance figures are given. To test the robustness of the 1993 PPC Model, bias and random errors 
were computed for a database containing different observations than those in the calibration database. In 
this test database, the paths were the same, but the observation times were different than those in the 
calibration database. Performance figures for the 1993 PPC modcl on this database are within 0.5 cec of 
those shown in Table 9.4-4. 


9,55 APPENDIX: DEVELOPMENT OF PPC MODEL STRUCTURE 


Though PPC models have evolved as the Omega system has developed, many essential features 
of these models have changed relatively little. In this section, a generic PPC model structure will be 
described, although, where appropriate, specific rnodels will be identified. 


9.5.1 Physical Basis of the Model Structure 

The PPC, as described in Section 9.2, is defined as the variation of the “true,” or expected, phase 
from the nominal phase (see Eq. 9.2-7). Thus, the calculation of the PPC involves the calculation of the 
nominal phase and the expected phase. The nominal phase, as described in Section 9.2.2, is calculated in 
a Straightforward fashion, although it may involve computatic 1 >* distance over an ellipsoidal earth. 
Thus, determination of the PPC involves predominantly calcv's’ cof the expected phase. VLF signal 
phase, as measured over long signal paths, isacomplex func —_: .. uumerous parameters, thus requiring 
a model of the propagating wave interacting with the earth-ionosphere electromagnetic environment. 


The clearest understanding of the model structure is obtained by first considering the spatial 
“picture,” i.e., a representation of the signal path between a source (transmitting station) and a point at 
which the signal field is sensed (receiver at or near the surface of the carth), One can use a variety of 
models, or paradigms, to describe the signal field structure as the propagating wave interacts with the 
earth and ionosphere on its way from the transmitting source to the receiver. In this development, it is 


*The 1993 PPC calibration database comprised a set of measurements that are about 10 percent of 
the total database size. 
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convenient to use both the “wavehop” and “waveguide-mode” representations of signal wave 
propagation (see Chapter 5) to guide the physical picture and understanding of the process. 


The electromagnetic wave launched by the Omega antenna has approximate cylindrical 
symmetry (with a vertical axis of symmetry) near the antenna. At greater ranges (€.g., more than about 
10 km) from the antenna, the wave takes on a more spherical character. Finally, when the wave begins to 
interact with the ionospheric D-region (at ranges greater than 70 km), it locally resembles a plane wave 
(see Fig. 9.5-1). A plane wave is characterized by a wave vector, k, (see Section 9.2.1), in addition to the 
signal frequency. In the wavehop model, a plane wave reflects from the ionosphere (via a scattering 
process) and from the ground as it propagates between the earth and ionosphere (Fig. 9.5-2). Since the 
wave has a spherical character prior to interacting with the ionosphere, there is a nearly continuous 
spectrum of wave vectors corresponding to plane waves interacting with the ionosphere. However, only 
certain wave vectors give rise to “self-reinforcing,” or resonant, field structures in the earth-ionosphere 
waveguide (see Chapter 5). These wave vectors make up a discrete spectrum that is directly associated 
with the spectrum of waveguide modes. As shown in Fig. 9.5-1, the wave vector which makes the 
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Figure 9.5-1_ Plane Waves as Approximations to Spherical 
Waves When Encountering the Ionosphere 
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Figure 9.5-2 Continuous Spectrum of Wave Vectors Associated with 
Plane Waves Prior to Interaction with the Ionosphere 


smallest angle to the ground is associated with the mode which normally survives to the longest ranges. 
Physically, this may be understood by noting that this wave suffers the fewest reflections from the 
ionosphere and the ground for a given distance over the earth. Each reflection reduces the wave energy 
so that the wave with the fewest reflections will generally have the greatest amplitude at a given range. 
The wave vector with the smallest launch angle (relative to the local tangent to the earth) is identified 
with “Mode 1,” the lowest phase velocity TM mode (see Chapter 5), The properties of this mode, as 
noted in Sections 9.1 and 9.2, is the primary basis for the PPC model structure. 


The point at which the Mode 1 wave vector intersects the ionosphere (see Fig. 9.5-3) is important 
because it determines the net ionospheric effect on the phase for all receiver locations “downstream” of 
the intersection point (known as the first point of ionospheric interaction (FPII)). Reciprocity arguments 
can be used to show that a similar wave vector configuration exists at the receiver. Thus, as shown in 
Fig. 9.5-3, a “Mode 1” wave vector is incident at the receiver from the ionosphere at the last point of 
ionospheric interaction (LPII). Between these two points of ionospheric interaction (which constitutes 
the majority of most paths), the wavefronts spread so that both upgoing and downgoing waves are 
present and the net wave vector is locally parallel to the ground. 


Based on the above discussion, one can see that the portions of the ionosphere associated with the 
end-path regions, i.e., between the transmitting source and the FPII and the LPII and the receiver, will 
have little or no effect on the signal phase. In the end-path regions, only those electromagnetic properties 
of the earth’s surface (i.e., ground conductivity) influence the signal phase detected at the receiver. For 
that portion of the path between the end-path regions, 1.e., the mid-path region, both the ionosphere and 
the earth’s surface influence the signal. Since the ionospheric properties (such as conductivity) change 
from day to night (and with relative position of the sun), time dependence of the signal phase is 
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Figure 9.5-3. Transmitting Station-Receiver Signal Propagation Geometry 
Showing Transmitted and Received Mode 1 Wave Vectors 











controlled by the ionosphere and, in particular, that portion of the ionospuere in the mid-path region, 
Since the geomagnetic field controls, to a large degree, the dynamics of the charged particles in the 
ionosphere, the local properties of this field in the mid-path region also greatly influence the phase at the 


of “domains,” which are presented in Section 9.5.4. 


9.5.2 Path Definition and Phase Calculation 

For the inhomogencous paths encountered in the use of Omega signals, the predicted phase is 
expressed by the integral form given in Eq. 9.2-6, Actual calculations approximate this integral by asum 
over ps segments, i.c., 


¢ = > k; Ar; (98-1) 


where k,is the wave number for segmentiand 47; isthe length of the path segment. Figure 9.3-2 s19ws 
the segmentation for atypical path. An individual segment, which is shown in more detail in Fig. 9.3-3, 
is approximately 60 km in length, In the end-path regions, the segment serves to specify only the ground 
conductivity, since the Mode 1 wave vector is not influenced by the ionosphere in these portions of the 
path, For the mid-path region, the segment is associated with the local properties of both the earth's 
surface and the D-region of the ionosphere, which serve as boundaries of the space in which the signal is 
propagated, 


homogeneous rectangular waveguide, i.c., one in which the boundaries are approximately straight and 
the geopbysical/clectromagnetic propertics of the boundaries are approximately constant (see 
Chapter), Ta dhis homogeneous waveguide, the total clectromagnetic field may be expressed as a sum 


of the boundary pararneters, The vertical component of the electric field is expressed as a product of 
several complex quantitics with a resultant amplitude and phase. The resultant phase is the sum of two 
terms: a “phase velocity” term (equivalent to the wave number expression for the phase defined in 
Hy. ¥.2-6) and an excitation term. The excitation factor describes the efficiency with which the mode is 
excited by the waveguide. Thus, using the waveguide-mode model, the expression for the phase 
(Ig. 9.5-1) is modified to include the excitation factor phase, Pg, ic., 


go = > k, Ar, + Se (9,5-2) 
J 


In principle, k, and @, for the mid-path segments are derived from the modes of the homogeneous 


waveguide represented by the segment, The specific parameters associated with the signal modes are 
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based on the local propertics of the waveguide boundaries, Because use of the PPC model presumes that 
the Mode J component dominates the total signal, the phase of the Mode ) component (as a function uf 
the boundary parameters) at cach segment is obtained from the waveguide-mode inode! of signal wave 
propagation. For the segments in the end-path regions, a VLE ground wave model of signal phase ds 
appropriate. 


9.5.3 Physical Parameters and Sub-models 


waveguide affect the phase of the elynal radiated by a ground-based suuree. The effeets ovcur as the 
result of wave interactions with the waveguide bounduties Whoac properticn ute defined by: 


© Ground conductlyity (VLE) = over the entire path 


© byfective lonospharte reflection height: = in ld path tegion, 


Over most of the range of ground conductivity Values, lower ground conductivities tend to 
increase the phase above ity nominal behavior for buth the mid path and end-path regions, The 
component of the geomagnetic field vector that preduminandy affects phase vaelation athe "dip" angle, 
ic., the angle of the field vector below the horlzon (sce Pig. 95-4). Wot a dipole model of the 
geomagnetic field (sce Pig. 95-5), 0 one-to-one telavonship caits between tie dip angle and the 
geomagnetic latitude fora given locadon, Another parameter closely assocdated with the geomagnetic 
Jatitude is the direction, or bearing of a path with respect tu geomuagnet) north Gece Pig. 5 49, ‘The 
effective jonospheric height for wave reflection ty not an explicit parameter but hve dmportant that the 
phase variation from the nominal ia separately modeled for various valties of height, Hor example, the 
phase behavior ay a function of geomagnetic latitude and bearing ls very different for lonospherle 
heights associated with day and night. In certain spathal regions, the effective lunospherle reflection 
heights diverge widely from “normal” valuce ao (hat separate functional behavior by apecisied. ‘Ihe 
auroral zones and polar caps (vce Pig. 98-6) are examples of regions with Jonospherte hedglits Cat 
require special dercriptions of puie belavier, 
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Figure 9.5-6 Effective Auroral Zone for VLF Propagation 


Because the analytical form of the signal phase behavior in terms of the boundary parameters 
obtained from theoretical models is quite complex, sub-models have been developed to simplify and 
isolate the phase dependence in terms of one or two geophysical and electromagnetic boundary 
parameters. The basis for this simplification is that the wave number and excitation factor phase 
appearing in Eq.9.5-2 are fairly well approximated by reference or nominal values, e.g., kol 
approximates the cumulative phase over a path of length L (kp is the free-space wave number) to withina 
few percent when the signal is Mode 1-dominated. For the conditions under which this approximation is 
reasonable, first-order corrections to the wave number and excitation factor phase may be used. To 
clarify this procedure, suppose that the wave number for a given segment is a function of one 
lower-boundary parameter (ground conductivity, o) and one upper-boundary parameter (dip angle, /, of 
the geomagnetic field vector with respect to the local horizon). Then, to first order, the wave number is 
expressed as 





_ ok ok 
b= t+ (2), a0 + (2). 053) 
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where kg is the wave number for some initial conditions (c.g., seawater conductivity, zerudip angle), the 


calculations, and Aa, AJ are incremental changes in conductivity and dip angle, respectively. 


In actual practice, the “first-order” terms, ¢.g., the second and third terms of Hg. 95-3, are 
obtaineu using entities known as sub-models, A tub-model describes the theorctical phase variation 
(from the reference value) due to one or two geophysical/electromagnetic boundary parameters. ‘To 
facilitate the calculation, the description is given in terms of functonal forms, which are analytic o 
tabular functions approximating the indicated theoretical behavior, This approsimation etter and the 
linearization crror implicit ia I-g. 9,5-3 is at least partly accounted for by near model cochftelents that 
multiply cach functional form. The sub-models are thus implemented as the product of the functional 
forms and the linear model cocfficients, The linear model vocliclents are determined by sumparing the 
expression for the mode! prediction with the observed phase data, Once determined, the Hnea model 
coefficients indicate the relative contribution of the ussuclated sub-model ty the total phase variation, 


First, consider the sub-models associited with the wave number (ic., thure depending on path 
Jength) in Ey. 9.5-2, Motivated by Eg, ¥.5-3, the wave number forthe / seginent, Ay. is expressed in 
terms of the sub-models associated with each appropriate geophysleul/electromuaguetic parameter, Le, 


k, S| ko 4 y hy (9,54) 
/ 


Bo | 
where ky; is the reference wave number at segment |, hy inthe wave number forthe J pub model atthe 
i segment and the sum js over ail aub-models applicable to segment / ‘Thus, bg VS 2 becomes 


gu > ky Art yy hy ana qe (Ya 3) 
i] 


For the mid-path segments, the wave number sub-models are obtained from preci calculations of 
Mode J signal parameters, specifically phase velocity. Plots or tabulations of Made ) phase velocity (v) 
ure usually in terms of the relative phase velocity variation (froin the free-space wave propagatlon 


(u/c — 1)/A 


where ¢ is the speed of light Git vacua) and J be the free gnace waveleneth (ace Ply O87) Phe qaantity 


(which has wave number units) ly computed as a function of the peophysival parameter(s) associated 


with cach sub-model, ‘The functional fons ae obtained ay approximations Gavolving one oF more 
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“shple" functions) ty the computed ditw, Vigure 9.5-7 provides a simple example of a sub-model] 
approximation tothe theareticn! behavier of day phase velocity variation over seawater ay a function of 
geomagnetic beating Qa) and latitude (Oy) for Bn» 180°, A slmnilar form is obtained for Bm < 180°, 
although the value of the callbyation constant ¢, would change, Recalling that a sub-model is 
olemented we the product of Hnear model cogfticlent and a functlonal form, a phase velocity 


Tee Swe ete ere ~ 


AUD meded at acyiient is caprenscd iy 


Ch, (ufo = W/A (ufo = Wky (9,5-6) 


dimensionless funedonal form | diaving magoltude between 0 and 1) evaluated at path segment i, and 
Ay the free apace Wave number, be the reelprocal of the wavelength, A. ‘The wave number corresponding 
(a plane velocity uy, isk, = f/u, where J bo the pipnal frequency, Using this relationship and Lg. 9,5-6 
yields 


Kym ky ft Cb ky) (9.5-7) 








Now, the phase velocity v; appearing in Eq. 9.5-6 is typically close to c, e.g., for daytime north-south 
paths over seawater, v,is about 1.004 c. Asa result, the magnitude of v, /c — 1 is typically much smaller 
than 1 so that Eq. 9.5-6 implies that CF; << Kp. With this result, the denominator of Eq. 9.5-7 may be 
expanded to yield 

k; = ko(l — CFi/kg +...) (9.5-8) 


Thus, to a good approximation, k; is given by ky — CF;. In general, there are a number of phase velocity 
sub-models, e.g., those associated with different ground conductivity values or ranges of geomagnetic 
bearing. Thus, Eq. 9.5-8 is generalized to the form 


k; = ky - > Cj Fi (9.5-9) 
j 


where the sum is over the phase velocity sub-models applicable to segment i. Comparison of Eqs. 9.5-4 
and 9,5-9 suggests the use of the free-space wave number ky as the reference wave number. The 


comparison also indicates that kj = — C; Fj; so that Eq. 9.5-5 becomes 
$= hy L— DD) CG Fy Are + be (9.5-10) 
ij 


where L is the path length. The phase due to the ground-wave sub-model is a function of path length and 
thus also may be expressed as a wave number form (Eq. 9.5-9). 


The excitation factor phase is not a function of path length but has a relationship to the excitation 
sub-models which is similar to that for the phase velocity sub-models. Thus, precise calculations of 
Mode | signal parameters also include excitation factor phase as a function of the appropriate 
geophysical parameters such as ground conductivity and path bearing (geomagnetic). Approximations 
to these functional relationships by simple functions or data tables give the functional forms for the 
excitation sub-models. Thus, for the j excitation functional form and the i segment 


Cj Fy = ge 


where the prime indicates quantities (linear model coefficients and functional forms) belonging to the 
excitation sub-models. Thus, Eq. 9.5-10 becomes 


o=kL- > > C Fy Ar+ >C, Fy (9.5-11) 
ae J 
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9.5.4 Sub-modei Domains 


As noted above, the wave field associated with the transmitted signal and sensed by the Omega 
receiver interacts with the earth’s surface and ionosphere (the waveguide boundaries) in a way that 
depends on the relative path position. Path domains are those portions of the path that have similar 
wave-boundary interactions and therefore invoke the same sub-models, The domains are referenced by 
the type(s) of sub-models invoked therein, i.e., 


e Ground-wave domain 
e Excitation domain 


@ Phase velocity domain. 


As shown in Fig. 9.3-4, the ground-wave domain comprises the two end-path regions.* Since, in 
this domain, the wave only interacts with the earth’s surface (the lower boundary of the earth- ionosphere 
waveguide), the corresponding sub-models depend only on ground conductivity. Table 9.5-1 (from 
Ref. 8) lists the ten conductivity levels and corresponding conductivity values (in mho/m) which are 
believed to adequately characterize the worldwide surface conductivities at VLF. Also listed are the 
corresponding permittivity values relative to the permittivity of free space. 


Table 9.5-1 Earth’s Ground Conductivity Levels and 
Associated Conductivity/Permittivity Values 


CONDUCTIVITY RELATIVE 
(mho/m) PERMITTIVITY 


1.0x1075 


1 
2 
3 
4 
Ss 
6 
7 
8 
S 
1 


0 (Seawater) 





The size of the ground-wave domain is fixed in most PPC models but in the 1993 PPC model, the 
extent of this domain varies with the local illumination condition. This is because the point of interaction 
between the Mode 1-launcned wave and the ionosphere (see Fig. 9.5-3) depends on the ionization 
protile of the local ionosphere, i.e, the effective wave reflection height at the point of interaction. Thus, 


*In sorne of the PPC Model literature, the end-path region near the iraismitter is called the excitation 
region and the end-path region near the receiver called the de-excitation region. 
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the point of wave-ionosphere interaction depends on the local time at or near the interaction point. Asa 
result of this dependence, the distance from the transmitting station (or the receiver) to the first wave- 
ionosphere interaction point typically ranges between 350 and 850km. The precise range of this interac- 
tion point is an implicit parameter in the 1993 PPC Model and is discussed further in Section 9.5.6. A 
simple bias sub-model is invoked in this domain (and in all other domains) to align the zero-point of the 
diurnal phase with the nominal wave number. 


In the 1980 PPC Model, the ground-wave domain extends to about 700 km, independent of the 


version of the 1980 model, a long-term year-dependent sub-model was also inv .ked in this domain. 


Table 9,5-2 compares the ground-wave sub-models for the 1993 and 1980 PPC Models, This 
table indicates the portion (path segment) of the domain in which each type of sub-model is invoked, the 
type of functional form used for the sub-model, and the intended effect captured or described by the 
sub-model, In the 1993 PPC Model, the cumulative ground-wave phase is well-approximated by a lin- 
car function of distance (see Fig. 9.5-8)*, so that the functional form (invoked at each segment) is 
constant. 

Table 9.5-2 Ground-wave Sub-models 


Sub-Model i Or om ‘Type of - Bfeot Captured 

Catogory Where we. "ad Functional Form by Sub-model 
1980 Alleeomeites = = 8=©=©—)06 [~~ sO *Qag velocity” term; eirilar to blas term in 
Model 1003 PPC Model’ 


7. TN Génslant Ground-waye haew contribution for each of 
' conductivity lnvels 
ea All sogir ite And-path regions anetes ete S aa 
me *Gvas term for correction to free-space wave 
number reference’ 





* Sub-model doo not strictly describe ground-wavo phase contributions; rather it represents a path-Inngth-dependent bias 
common (o all domains. 


The excitation domain comprises that region of a path where the Mode 1 -Jaunched wave first (or 
finally) sets up the field structure which characterizes its general behavior in the carth-ionosphere 
waveguide, The nomenclature derives from the waveguide- mode model of VLF wave propagation in 
which a source wave is “excited” (to various degrees) in the carth-ionosphere waveguide, The degree of 
excitation depends on the signal wavelength/frequency, the size (height) of the waveguide, and the 





*In Vig. 9.5-9 (from Ref, 14), the ground-wave phase is plotted as a function of logarithmic distance, 
as a function of linear distance, however, the phase behavior is very nearly linear, 


9-51 








electromagnetic properties of the internal medium and the boundaries of the waveguide. Thus, an ex- 
citation phase is said to be introduced in the propagated signal field where the wave first “sees” the iono- 
sphere. Reciprocity arguments show that an excitation phase is introduced near both the transmitting 


source and the receiver. 


SSS sae 


Ground-Ware Phase (degrees) 





1 00 t«~C*«S 1000 0) 300 
Distance (km) 


Vigure 9.5-8 = Ground-wave (Norton Surface Wave) Phase over 
Scawater as a Function of Distance from Source 


For the 1993 FPC model, the excitation domain is taken to be the segment within each end-path 
region which borders the mid-path region (see Fig. 9.3-4). At these segments, the Mode 1- 
launched wave begins (or crids) its local interaction with the ionosphere, Thus, the excitation sub-mod- 
els exhibit a coupled depeudence on the ground conductivity and the ionospheric parameters, including 
geomagnetic latitude and bearing. “Coupled” means that the sub-model functional form cannot be writ- 
ton as a product of functions which depend only on one of the parameters, c¢.g., 
F,(o,l) v g(a) h() = o and / are coupled with respect to Fy where o and / are the ground con- 
ductivity and magnetic dip angle used in Eq. 9.5-3, 


The excitation domain for the 1980 PPC model includes the entire end-path region, The ground 
conductivity Uiroughout both end-path regions is assumed to contribute to the excitation of the signal, 
although the ionospheric contribution is computed at isolated points in the cnd-path regions. Thus, the 
conductivity-dependent excitation sub-model (which is de-coupled from the ionosphere-dependent 
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forms) is summed over each end-path region but invoked at the segments bordering the mid-path region. 
The excitation sub-models which depend on the geomagnetic field quantities (geomagnetic bearing and 
dip angle) are invoked at the second and next-to-last segments of the path. The excitation domain 
sub-models for the 1980 and 1993 PPC Models are compared in Table 9,5-3. 


Table 9.5-3 Excitation Sub-models* 
Type of Effect Captured 


Last segment in xmtr. endpath | Power-law dependence on conduc- | Excitation factor phase due to ground 
ragion and last §pament in revr. | tivity lavel (1-10) averaged over conductivity throughout each end-path 
end-path region end-path ragion segments region 

ca ; Separate bias tarm for excitation factor 
Second path segment and phesecapendence 
















Sub-Model 
Category 





next-to-last path sagment Bilinear combinations of Bm arid /for |] Mode 1 excitation factor phase due to 
various ranges of 8, geomagnatic field (6,, and /) 
Constant and Fourier-type functions | Mode 1 excitation factor phase behavior 
Of Bm and 6m, in terms of Bm and 6, for day and night 
at each of 7 conductivity levels 
Products of Fourier-type functions of | Mode 1 excitation factor phase behavior 
Bm and Op in terms of Bn and @, for day-only at 
each of 7 conductivity levels 
Products of Fourier-type and Mode 1 excitation factor phase behavior 


Gaussian functions of Bn and 6m, in tarms of £7, and @,, for night-only at 
each of 7 conductivity levels 












Last segment in xmtr. endpath 
region and first segment in revr. 
end-path region 












*In this tabla, 8,, is the geomagnetic bearing measured clockwise from geomagnetic north; 6, Is the gaomagnetic latitude assuming an 
earth-centarad dipole representation of the gaomagnetic field; /is the dip angle (see Fig. 9.3-6). 


§Sub-model Is actuaily computed over each complete end-path region but invoked (i.¢., Included in the phase calculation) at segments 
bordering the mid-path region. 


For the vast majority of paths used in navigating with Omega signals, the phase velocity domain 
constitutes more than 80 percent of the path. This domain corresponds to the mid-path region (see 
Fig. 9.3-4) where the signal interacts with both the ionosphere and the earth’s surface. In this domain, 
the phase/unit path length is specified by the wave number, as in Eq. 9.5-1. 


In the 1993 PPC Model, there are two kinds of phase velocity sub-models: those that depend on 
ground conductivity and those that do not. For the conductivity-dependent phase velocity sub-models, 
the phase variation (through the wave number or phase velocity) depends on three coupled parameters: 
ground conductivity, geomagnetic latitude, and geomagnetic bearing. This coupling increases the 
number of phase velocity sub-models required for characterization of the phase variation, although the 
increase is partially compensated by limiting the number of effective conductivity levels to seven. The 
conductivity-independent sub-models are those that describe the local wave number behavior in spatial 
regions having “anomalous” ionospheric height profiles, i.e., the auroral zones and polar caps. 
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The coupling between the conductivity and ionospheric parameters is assumed to be weak in the 
1980 PPC Model, so that separate sub-models are specified for conductivity and other parameters in the 
phase velocity domain. Because of the strong coupling between the dip angle and geomagnetic path 
bearing, however, the corresponding sub-models are coupled in the 1980 PPC Model. The sub-models 
for the auroral zones and polar caps are identical for the 1993 and 1980 PPC Models. Table 9.5-4 pro- 
vides a comparison of the phase velocity domain sub-models used in the 1980 and 1993 PPC Models. 


Table 9.5-4 Phase Velocity Sub-models* 


Sub-Model Where Type of Effect Captured 
Category invoked Functional Form by Sub-model 
1 | All segments Constant “Base velocity” term, simitar to bias term in 
1993 PPC Model 
Products cf Fourier-type functions | Mode 1 phase veiocity (wave number) 
of Bm and power-law functions of | behavior in terms of 8, and / for saawater 
All segments in mid-path region (0.9-0.5751A) cond. 
1980 
Model 



















Constant Phase velocity (wave number) variation 
(from seawater) at each of 7 cond, lavels 
Segments with 16,,/ > 1 radian Gaussian forms centered at 2 6,,- | Auroral zone ionospheres at |6,,| = 65° and 
values with same effective widths | 69° with the same 1-0 width of 2° 


Segments with 19,,) > 1.0821 radian | Linear form Increasing toward Polar Cap ionosphere increasing in height 
pola polaward from 16,,| = 62° 


Constant and products of Fourier- 
type functions of £7, and 0, 

















“Bias term” for correction to free- space 
wave number reference 

Mode 1 phase vel. (wave number) behavior 
in terms of Bm and Om for day and night at 
each of 7 conductivity lavels 










All segments in mid-path region Products of Fourier-type functions 


Mode 1 phase vel. (wave number) behavior 
of Bm and On 


in terms Of Bm and @, for day-only at each 
of 7 conductivity levels 













Products of Fourier-type functions 
HY 8m and exponential functions of 
m 


Mode 1 phase vel. (wave number) behavior 
in tarms of By and 8, for night-only at each 
of 7 conductivity levels 











Segments with [8,1 > 1 radian 


| 6 | Segments with 16,1 > 1.0821 radian 


* inthis table, By Is the geomagnetic bearing measured clockwise from geomagnatic north; 6, Is the geomagnetic latitude assumirg an earth- 
centered dipole representation of the gsomagnatic field; /is the dip angle (see Fig. 9.3-6). 


§sub-model doesnot strictly describe phase velocity contributions; rather it represents a path-length dependent bias common to all domains. 





Same as 1980 PPC Model Same as 1980 PPC Model 


9.5.5 Time Dependence 


Up to this point, the discussion of the PPC model structure has primarily focused on the “spatial” 
component of the predicted phase calculation. For the boundary parameters of interest at Omega 
frequencies, the time dependence is introduced solely through the action of solar illumination of the ion- 
osphere. The only time-dependent quantities mentioned so far, the effective ionospheric reflection 








height and the extent of the ground-wave regions, are dependent on the local solar illumination. Thus, 
the sub-models which depend on the ionospheric height (i.e., those in the phase velocity and excitation 
domains) contribute to the time dependence of the predicted phase. Because Omega paths are typically 
long and the phase variation is highly sensitive to the local illumination condition (or ionospheric 
height), the time variable is of equal importance to the space variables in the prediction of signal phase. 


The excitation and phase velocity sub-models described in Section 9.5.5 contain approximate 
forms for the components of the signal phase as a function of one or more geophysical/electromagnetic 
parameters. As derived from theory, these sub-models are given for two extreme states of the 
ionosphere: 


e Local maximum day (sun directly overhead) 
¢ Local maximum night (sun directly overhead at the antipode (opposite point on the 
earth)). 

For intermediate states of the ionosphere, special functions (known as evolution or diurnal functions) 
appropriately combine the above-defined local maximum day and local maximum night sub-models. 
These intermediate states correspond to different times of day/year* in which the relative earth-sun 
position causes different ionization profiles in the ionosphere. The functional forms for local maximum 
day and local maximum night are sometimes very different and sometimes the same, depending on the 
functional behavior of the phase in terms of the underlying geophysical parameter. The linear model 
coefficients for local maximum day and local maximum night are nearly always different, however, to 
capture the differences in the day and night phase behavior. 


To understand how the day and night sub-models are combined to produce a phase prediction at 
an arbitrary time, a greatly simplified model is considered to illustrate and clarify the underlying 
procedure. This simplified model specifies: 


e A single mid-path sub-model with: 
functional form Fp and linear model coefficient Cp for local maximum day 
functional form Fy and linear model coefficient C, for local maximum night 


e  Asingle segment of length Ar for the mid-path located at the equator during one 
of the equinoxes 


e  Anend-path region fixed in size with no sub-models invoked. 
*The quiet ionosphere has a relatively slow systematic change from day-to-day (at the same hour) over 


a year; random day-to-day fluctuations about this long-term variation are significant, however, and 
result in a random phase error of about 3 to 6 cec. 


9-55 








Using this simplified model and path, the predicted phase at the receiver (relative to the phase of the 
transmitted signal) when the sun is directly overhead (local maximum day) is 


Pp = knou Ar + Cp Fp (9.5-12) 


and 12 hours later (at local maximum night), the phase prediction is given by 


@n = kyoy Ar t+ Cy Fy (9.5-13) 


where kygqy is the nominal wave number (see Section 9.2.2). Since the phase velocity is greater for day 
paths than night paths (see Chapter 5), the day wave number is smaller than the night wave number (re- 
call from Section 9.5.3 that phase velocity = frequency/wave number). Thus, the day phase, @p, is 
smaller than the night phase, @,, by an amount known as the diurnal shift. If the single sub-model in- 
voked on the single mid-path segment is chosen to be the bias (1993 PPC Model) or base velocity (1980 
PPC Model), then Fp = Fy = 1, and the diurnal shift is given by 


oy ~ od = Cy - Cp (9.5-14) 


For times other than local maximum day or local maximum night, the cumulative phase for this path is 
given by 


~ =kyoy Ar + (Cy — Cp) f+ Cp (9.5-15) 


where fis an interpolation function that varies with the solar zenith angle, i.e., the relative degree of solar 
illumination on the ionosphere of the 1-segment path (see Fig. 9,5-9), Note that, for consistency with 
Egs. 9.5-12 and 9.5-13, the function fin Eq. 9.5-15 must have the value 1 for !ocal maximum night and 0 
for local maximum day. The function fis called the diurnal function in descriptions of the 1980 PPC 
Model and is related to the evolution function defined by the 1, ¥3 PPC Model. 


The diurnal function shown in Fig. 9.5-10 for 10.2 kHz was obtained (Ref. 11) by means of a 
simplified photoionization model coupled with experimental observations. The function is plotted in 
terms of cosy (x = solar zenith angle) and is divided into threc illumination categories: night, transition, 
and day. The constant value (f = 1) at night means that no night variation in phase is predicted by this 
model for local solar zenith angles (x) varying from 180° (local maximum night) to about 99°. A steep 
decline in the function occurs during transition, which is defined for x = 99° to about 74°, although this 
latter number varies with frequency. During transition, a “dynamic” diurnal function and sunrise/sunset 
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Figure 96-10) Diurnal Function fin Verms of cos x (x = Solar Zenith Angle) for 10,2 kHz 


“dump! are also invoked in the 1980 PPC Model, The dynamic diurnal function, g, 1s obtained from a 
Mifferential relation analogous to a continuity equation for free electrons/ions in the jonospheric 





D region.” The static’ diumal functioa, f, serves as the driving function for this dynamical relation. 
Also included in the dynamical relation for g is an impulsive-type forcing function describing the 
dynamics of weakly attached electrons which are rapidly injected into the transition ionosphere. The 


dence, Whereas mnost current work suggests a quadratic loss dependence (Ref, 12), 
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time profiles for these injections, known as “dump schedules,” are specified separately for sunrise and 
sunset, During the day iumimnation, the diurnal function is given by a decreasing linear function of 
cosy, approaching zero for normally iluminated day, This portion of the diurnal function (which has a 
substantially smaller slope than that for transition) gives riac to the familiar “bowl shaped” daytime 
phase profile for a full (multi-segment) path illustrated in Fig. 9.2-3, 


For the 1993 PPC Model, separate daytime and nighttime evolution functions are defined. The 
daytime evolution function (£7), ilustrated in Fig. 9.5-1)a for 10.2 kiiz, describes the time variation of 
stib-models associated only with daytime phase behavior, while the nighttime evolution function (fy), 
illustrated in Mig. 9.5-1b, describes the time variation of sub-models associated only with nighttime 
phase behavior, The daytime evolution function “turns on" at a threshold solar zenith angle ¥ yy72 Of 
98,0", which was determined from analysis of continuously recorded data. The steep rise between 
X71, Nd ¥ 84,3" (cosy @ 0,1") is better fitby alinear function than by the logarithm of a Chap- 
man function (as discussed in Ref. 8). Puiween y = 84,3° and y = 0? (cosy = 1), the evolution func- 
tion behaves Jinearly with cosy, suggening multiple layers or a broad specttum of photoionization 
energies, The nighttime evolution fuaciion varies linearly with cosy from ¥ = 180° to y = y77,, based 
on observed “clean” (Mode 1-dominant) nighttime phase behavior and satellite data on solar radiation 
scattered through the geocorona (Kef, 8). For sub-models which apply to both daytime and nighttime 
jonospheres (same functional forms), the two evolution functions are linearly combined to yield 


Ly = 186 78FH = 0,96 7 8bw 


where oy = 0.09315 and 02 = 0.1178. This form resembles the diurnal function when plotted as a function 
of cosy. 


As noted above, the diurnal and evolution functions depend on certain experimentally deter- 
minced parameters, for the diurnal function, these include day and night time constants, and the sunrise/ 
sunset dump schedule profile, The evolution functions depend on three implicit parameters: (J) the 
threshold solar zenith angle, (2) the daytime ionospheric response time, and (3) the nighttime ionuspher- 
ic response time, these are a subset of the more general onset/recovery time parameters (ORTP) which 
control the time dependence of the phase, The remaining ORTP define the size of the end-path regions, 
and thus effectively, the size and position of the ground-wave, excitation, and phase velocity domains. 


— 





*The breakpoint for fy) (see Figure 9,5-] 1a) varies with frequency; thus, for 10.2 kHz, 
In (cosy = 0.1) = 0.5850, for 11'/3 kHz, Ey (cosy = 0.05) = 0.5850, and for 13.6 kHz, 
Ey (cosy = 0,0) = 0.5850, 
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Figure 9.5-11_ Evolution Functions for 10.2 kHz Used in 1993 PPC Model 


9.5.6 Summary of Model Structure 


The PPC model structure may be summarized by inspecting the general expression for the path 
cumulative phase, incorporating both spatial and temporal effects. The simple model/path considered in 
Sec. 9.5.6 to illustrate the time dependence of the phase, given by Eq. 9.5-15, is easily generalized, Fora 
model containing a mix of separately or identically defined local maximum day and local maximum 
night sub-models and a multi-segment path, the phase is obtained by inserting the time-dependent form 
of Eq. 9.5-15 into the time-independent expression for the phase given by Eq. 9.5-11. The resulting 
expression for the predicted cumulative phase for an Omega signal at a given frequency for a specified 
path at time ¢ is given by 


00) = kk ~ > {(Cw, Fy, ~ Co, F,) S40 + Cp, Fp,| Ar, 


tod 


5 ae [(C, Fy, — Cp, Fp,) fi) + Co, Fo,] + >> C; F, Ar; 
_ ; (9.5-16) 


In the above expression, the first term gives the free-space contribution, which accounts for about 99% 
of the cumulative phase. The first double sum specifies the contribution from the phase velocity domain, 
with index i referring to the path segment (and thus, indirectly, the spatial coordinates) and index j 
identifying the particular sub-models. Note that the linear model coefficients for local maximum day 
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(Cc D) and local maximum night (C Ns are associated with sub-model j but independent of segment 
(spatial position). The functional forms for local maximum day (Fp,) and local maximum night (F Ns 
however, depend on both spatial position and the invoked sub-model. The diurnal function, f, depends 
on the time, f, and the spatial position of the path segment through the solar zenith angle. Since the phase 
velocity sub-models have the dimensions of wave number (and fis dimensionless), they are multiplied 
by the segment length, Ar;. The second double sum in the above expression gives the contribution from 


the excitation domain. This portion of the expression is similar to that of the phase velocity domain 
except that different (and far fewer) spatial segments are involved and, of course, the sub-model 
functional forms are different. Also note that the path segment length is not included as a factor since 
excitation is not a “wave number-like” quantity. The last double sum represents the ground-wave 
domain contribution in which the sub-moaels are explicitly time-independent since the Mode 
1-launched/received wave does not interact with the ionosphere in this domain. The sub-models in this 
domain behave as wave numbers and so must be multiplied by the path segment Jength, Ar;. 


9.6 PROBLEMS 


9.6.1 Sample Problem with Solution 


1.  Anaircraft is flying due east at 400 knots (nautical miles/hour). An Omega receiver 
on board the aircraft measures the phase of a 10.2 kHz signal transmitted from a 
station located exactly southwest of the aircraft's current position. Assume that 
phase measurements are effectively made every 2 minutes with respect to a stable 
oscillator/clock. 


a. Do the successive phase readings increase or decrease? 
b. What is the lane width of the signal? 
c. How many times per hour would the aircraft cross lane boundarics? 


d. For fastest crossing of Jane boundaries, which direction should the aircraft 
travel (maintaining the same speed)? 


Assume that the PPC at the first lane boundary crossing is 5 cecs and the PPC at the 
next lane boundary crossing is 10 cecs. 


e. Does the phase measured by the receiver at the second lane boundary crossing 
change by more than one cycle or less than one cycle with respect to the phase 
measurement at the first lane boundary crossing? 


f. Using the free-space wave number, find the actual distance the aircraft travels 
when the measured phase change is one cycle, 
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Solution: 


a. 


o 


Since the station is to the southwest ef the alreraft, “away” from the atatlon 
would encompass all alreraft headings northweat (315%) clockwise through 
southeast (135%), The alrcraftiaheading cast which is within this range and so 
is moving away from the atation, Since the alrcraft receiver measures phase 
with respect to a elable clock, the phase will be correct tu within an additive 
constant, Thus, the phase reading (proportional to distance within an additive 
constant) will increase as the alreraft moves away from the atatlon. 


Vor this “direct ranging” case, the lancwidth ds just the free-apace slunal 
wavelength, which Is just c7, where cbs the apeed of light in free apace ands te 


the frequency. Thus, for this 10,2 ki algnal, 


Jonewidth © (2.99793 & TO" kie/ace) / 10,200 Ty 
8294915 hin 


Since the atatlon be mastimed to have an exact southweal bearing (2287) from 
the abteraft, the lane boundaties (ines of constant ange) are locally 
aisles by ptraight lines extending from southeast (145%) to forthweat 
(315°), Since the aircraft ls headed duc cast, crosses the lane boundaricn at 
45" a0 thatthe distance between lane boundatles be (ane width) » i? , where 
the lanewidih is computed in (by. Interns of hie, the alrcratt speed ts 740.6 
pv that the number of lane boundary crosslng/hour ty 


(7404 knvtiny / (29,4918 f2 ) han 17.6 (1h) 


In other words, the aircraft crosses a full lane dn alighdy more than sd minetes, 
Since the Udine constant is 2 minutes, the receiver de rot Whely to slip lanes, 


The fastest (or shortest) crossings of the Tages are those with tache 
perpendicular to the lane boundaries, Sinve the lane boundaries extend from 
southeast to northiweat, the faxteat ctosedg Gat foved alteratt apeed) de fram 
pouthweal lo nurtheast of bortheast to soudiweat ; 


Fron bag. ¥.2-3 Cand the one honiedintely preceding Win Recthon Ye), the 
nominal form of (he memurements at the (vo aueceaslve fang Downdarien be 
(phase quantities in cycles) piven by: 


,' ide | a MC, ‘= van 4 0,05 

G99, 4 ITC, fy 4 O10 
where @y and @) ae the meaied plusxe valuce atthe (iat and eesand bane 
buundiny clos, tenpectively Dhius 

b= ih! mh, = he A O04 


al 
v; ~ q o~ y, vm q’ ~ (05 


90) 


(V0 1) 


(U0 2) 





F 





9.6.2 


Now, since the nominal phase values at the lane boundaries differ by a cycle 
(by definition), ig. 9.6-2 yields 


¢.-— 9, = 10 — 0.05 = 0,95 


‘Thus, the measured phase values differ by less than a cycle. 


f, Since we are told that the measured phases at the successive lane boundaries 


differ by one cycle, Hq. 9.6-1 yields 
¢;' ~ ¢,;) = 1.0 + 0,05 = 1.05 (9.6-3) 


direction by an angle, 0, Eg. 9.2-3 becomes 
Py -G,) @ K (ry = 7) cosO 


Vor the case in which the aircraft track and the signal propagation differ in 


This seault, coupled with Hg, 9.6-3 yields 
k (r3 = 1r;) cos 0 = 1,05, (9.6-4) 


Since te wave number, k, may be approximated by the free-space wave 
number, Ay, and 0 & 48°, Kg. 9.6-4 becomes 


rym ry © 10S / (ky / V2). 


Ay is Just the reciprocal of the free-space wavelength (computed in (b)), so that 
lig. 9.6-3 becomes 


ry~ ry, 108 + (29.3915 km) + 2 = 43.64 km 


Problems to be Solved by Student 


Suppose wvecelver and at transmitting station (both on the surface of a spherical 
cont) hive an angular separation of 60%, 


i, Whatds the angular separation in ragians? 
b. Tf the radiiy of the apherical earth js assumed to be 6367 km, what is the 


di tunce (in km) between the transmitting station and receiver over the surface 
of the cath? This ds the path length, 


Ifthe station transmits 12 kilz signals, 
& Vind the wovelength of the signals, 
doo Mind the free space wave ntunber for the signals, 


Pind the wominal wave number for the signals, 
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f. What is the nominal value of the cumulative phase at the receiver? 


g. If, at a given time, the exact PPC is known to be zero, what is the observed 


value (in principle) of the cumulative phase at the receiver? 


The cumulative phase can be separated into an integer part and a fractional part. 


h. Which part can be measured by a conventional Omega receiver that is 
phase-synchronized to the transmitted signal? 


2. Suppose a researcher wishes to add a set of sub-rnodels describing the effects of a 
Sudden Ionospheric Disturbance (SID) to the 1993 PPC Model. 


a. To which path domain would these sub-models primarily apply? 


b. Would other path domains be affected? 


An SID effectively depresses the daytime ionosphere, thus making the path even 
more ‘‘day-like” than normal. Assume that the functional form is taken to be a 
constant and the linear model coefficient is positive. 


c. Asatermin the expression for predicted phase, what is the sign of the resulting 
sub-models? 


d. Assuming the sub-models only apply to segments having ground conductivity 
levels of 7 and 10, how many sub-models would be needed? 


ABBREVIATIONS/ACRONYMS 


ADI 


D-region 


FPII 

kHz 

km 

LF 

LOP 

LPII 
MASTERFILE 


MPSZA 
NCCOSC 


Anomalous Data Idenufication 


Ionospheric layer 70 to 90 km above the earth’s surface from which 
Omega/VLF signals are scattered/reflected 


First Point of Ionospheric Interaction 
Kilohertz 

Kilometer 

Low Frequency 

Line of Position 

Last Point of Ionospheric Interaction 


A master database of phase and phase-difference measurements 
resident at ONSCEN 


Maximum Path Solar Zenith Angle 


Naval Command, Control and Ocean Surveillance Center 
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— 
. 


NID Normal Illumination Depression 


ONSOD Omega Navigation System Operations Detail 
ONSCEN Omega Navigation System Center 
_ ORTP (Sunrise/Sunset) Onse/Recovery Time Parameter 

| PCD _ + Polar Cap Disturbance _ | 
YPC .  —_—-_- Propagation Correction 
RMS Root Mean Squared 

‘SID | Sudden Ionospheric Disturbance 
SNR —'  Signal-to-noise ratio 
SVD Single-valued Decomposition 
™ : Transverse Magnetic (waveguide mode) 
UT Universal Time (short for UTC) 
UTC Coordinated Universal Time 
VLF Very Low Frequency 
WGS-72 Worid Geodetic Spheroid reference published in 1972 
WGS-84 World Geodetic Spheroid reference published in 1984 
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